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ABSTRACT OF THE DISSERTATION

Laminated Microfluidic Coupon Systems for Biological Applications

By

Sara Saedinia

Doctor of Philosophy in Electrical Engineering
University of California, Irvine, 2014

Assistant Professor Mark Bachman, Co-Chair
Professor G.P. Li, Co-Chair

The complexity of current microfluidic systems and the need for
costume-designed fabrication, which leads to costly manufacturing, are
obstacles in microfluidic technology. These complications have kept this
technology from becoming commercially available like semiconductor
technology.

This dissertation describes a novel technology based that is based on
lamination, which allows for the production of highly integrated 3D devices
suitable for performing a wide variety of microfluidic assays. This approach
uses a suite of microfluidic coupons (“microfloupons”) or in short

“uFloupons” that are intended to be stacked as needed to produce an assay

xviii



of interest. Microfloupons may be manufactured in paper, plastic, gels, PCBs,
or other materials, in advance, by different manufacturers, and then
assembled by the assay designer as needed. To demonstrate this approach,
this dissertation explains different practical applications of this technology.
First, we designed, assembled, and characterized a microfloupon device that
performs sodium-dodecyl-sulfate polyacrylamide gel electrophoresis (SDS-
PAGE) on a small sample of protein. This device allows for the manipulation
and transport of small amounts of protein sample, tight injection into a thin
polyacrylamide gel, electrophoretic separation of the proteins into bands,
and subsequent removal of the gel from the device for imaging and further
analysis. The microfloupons are rugged enough to handle, and can be easily
aligned and laminated, allowing for a variety of different assays to be
designed and configured by selecting appropriate microfloupons. In the
second application, a microvalve system is described, which is actuated by
electromagnetic force and is manufactured in paper-polymer structures. The
microvalve has latching capability, which makes it suitable for low-power
applications.

This approach provides a convenient way to perform assays that have
multiple steps, relieving the need to design highly sophisticated devices that
incorporate all functions in a single unit, while still achieving the benefits of

small sample size, automation, and high speed operation.
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CHAPTER 1

Introduction

1.1 Microfluidic systems and .TAS in biology

A major vision in the field of biological and medical sciences is to precisely
and accurately determine relevant parameters in a short amount of time.2
However, many conventional laboratory methods and techniques in the area
of biology and chemistry require fluid handling which involves time-
consuming and repetitive manipulation tasks.

A great number of biochemical tests and corresponding detection
systems/devices have been developed to allow the detection of those
parameters for DNA and protein analysis, drug discovery, diagnostics and
environmental sciences.®>”” Over the last thirty years the development of
such systems is becoming more and more focused on trying to fully
integrated analysis of complex samples, i.e. human whole blood, with
minimal manual handling steps and reduced reagents consumption that can
be achieved by miniaturization.

For this reason, the area of microfluidics, also known as lab-on-a-chip (LOC)
or micro-total-analysis-system (UTAS) has gained considerable attention in
recent decades. Microfluidics enables the manipulation of very small volumes

of fluids with the dimension of tens to hundreds of micrometer devices® and



has the potential to significantly change the way modern biology is
performed. The basic idea of uTAS is to increase the performance of an
analysis system by downsizing.

Inspired by the success of commercial semiconductor industry which benefits
tremendously by miniaturization of the integrated circuits, numerous
activities in this field have been focused on silicon integrated circuit
manufacturing, leading to the high number of actual available products, like
processors, memories, cell phone components and many others. With time,
these technologies provided the basis for micro-scale systems and devices in
silicon as well as in other types of materials, like glass, plastics, polymers
etc. Since the 1990’s, representative mass market Microelectromechanical
Systems (MEMS) products have emerged, such as digital optical switches®,
physical parameters sensing like acceleration'®, pressure sensors!!, inkjet
printer nozzles!? and microactuators?3,

Subsequently, these market breakthroughs have induced the development
of chemical, biosensing, diagnosis and biomedical microsystems: the
benefits associated with miniaturization of bioanalytical techniques include
the potential for shorter reaction times, ultra- low reagent consumption,
higher throughput, portability, versatility in design and the possibility of
integration with other systems.*2°

Advances in microfluidics technology offer exciting possibilities in the realm

of enzymatic analysis (e.g., glucose and lactate assays), deoxyribonucleic



acid (DNA) analysis [e.g., polymerase chain reaction (PCR) and nucleic-acid
sequence analysis], proteomic analysis involving proteins and peptides,
immunoassays, and toxicity monitoring. An emerging application area for
microfluidics-based biochips is clinical diagnostics, especially immediate
point-of-care diagnosis of diseases.?!

To achieve these goals, many fabrication methods have been introduced.
Microfluidic fabrication depends on the material employed. Early devices
were made mainly of silicon and glass substrates using standard
photolithographic and etching techniques®*?* Due to high manufacturing
costs of microfluidic devices in glass and silicone, disposable polymer
materials are of increasing interest. Several polymers, including
poly(methylmethacrylate) (PMMA)?*2®, poly(dimethylsiloxane) (PDMS)?’-3¢,

3334 polystyrene  (PS)3**3®  and

polycarbonate  (PC)3!*?,  polyester
poly(ethyleneterephthalate) (PET)3’, have been employed®®. Using different
manufacturing techniques and different materials, certain microfluidic
commercial products are now available on the market such as Agilent 2100
along with its cell assay extension®°, and Mobidiag’s DNA based detection of
sepsis-causing bacteria.

In the following sections, I will present overall conventional microfabrication
techniques of the mostly common materials used to fabricate microfluidic

and uTAS devices. These materials are categorized into two groups:

conventional and non-conventional materials.



1.2 Conventional microfluidic fabrication materials/techniques
1.2.1 Silicon

Silicon is one of the early materials employed to fabricate microfluidic
systems. A motivating force behind choosing silicon material was the field of
microelectronics. The initial expectation of microfluidics was that
photolithography and associated technologies that had been so successful in
silicon microelectronics and microelectromechanical systems (MEMS), would
be directly applicable to microfluidics.® Batch type microfluidic fabrication
similar to microelectronics industry was another goal. Similar to
microelectronic fabrication, photolithographic patterning of layer structures
on the surface of silicon wafers was used to produce microchannels. The
steps to create microchannels were identical to those in microelectronic
systems. First a thin film coated the silicon layer by thermal deposition, spin
coating, photoresist deposition, physical vapor deposition (PVD), sputtering,
etc. A layer of photoresist was then spin coated on top of the silicon oxide
layer. In the next step, a mask was placed on top of the wafer. A photo-
mask was a stencil used to transfer a desired pattern or geometry to a
resist. Photolithography techniques were used to transfer a layout pattern
from mask onto the photosensitive film using UV, x-ray or electron beam
lithography. Then the channels were etched using wet chemical process or
as a plasma process. The process of micromachining microfluidic channels is

shown in figure 1.
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Figure 1. Process steps of a standard one-mask micromachining procedure to etch a
channel structure into silicon.*°

After the channels were fabricated, bonding, which refers to the assembly of
structures whether it would be silicon-to-silicon, silicon-to-oxide, silicon-to-
glass, or some other combination of materials, was performed. Different
techniques such as anodic bonding technology*® or hydrophilic fusion
bonding technology*! were employed. Due to the planarity of the surfaces
used, bonding usually led to fusion of the assembled structures and a

perfectly tight seal.*?



However, for analyses of biological samples in water, devices fabricated in
silicon were usually unnecessary or inappropriate. Silicon is expensive, and
opaque to visible and ultraviolet light, so it cannot be used with conventional
optical methods of detection. It is easier to fabricate the components
required for micro-analytical systems — especially pumps and valves — in
elastomers than in rigid materials. Additionally, the properties of silicon are
not compatible with living mammalian cells.® Due to these drawbacks in
today’s microfluidic technology, silicone is no longer an appropriate material

of choice to fabricate microchannels.

1.2.2 Glass

One of the widely used materials that is still employed today for fabrication
of microfluidic systems is planar glass substrate. Electrokinetic pumping
became the method of choice for transporting liquid samples in
microchannels and various glass materials took the place of silicon, since the
conductivity of silicon at high voltages was problematic for electroosmotic
flow.*® In electroosmotically driven systems, it is critical that the substrate
provides an electrical insulating environment so the voltage drop occurs
across the fluid-field channel rather than the substrate. Since silicon is a
poor insulator, glass became the material of choice. Various types of glass,
especially fused silica glass (Si02) and Pyrex, are significant in microfluidics

due to the inertness against heat and chemicals as well as high optical



transmission range (180-2500nm) and low optical absorbance. Many
researchers have developed various methods to fabricate microchannels in
glass.3844%> Among those, photolithography, wet-chemical etching®, dry
etching, laser ablation and thermal fusion bonding are the common
operations for the fabrication of planar microfluidic elements. In general, this
process involves masking a glass substrate with a metal layer, followed by
lithographic patterning of the metal mask. The exposed glass is then etched
with an HF- based solution to produce channels in the glass, and the mask is
then removed.

There are two techniques for etching the glass substrate: wet and dry
etching. In the wet etching technique, the process occurs on an exposed
glass surface, so the walls of the channels are not parallel to each other. As
the channels etch deeper, the walls also get etched. As a result, the
channels become wider at the top than at the base. One of the difficulties
associated with the fabrication of these devices is the etching process used
to produce the microchannels. It is difficult to produce narrow channels with
reasonable depths due to the isotropic nature of the etching, resulting in
severe mask undercutting. In contrast, dry etching techniques such as deep
reactive ion etching, or laser ablation produce deep channels with parallel
sides. Problems with the dry etching technique, however, are the low etching
rate and the low etching selectivity between glass and photoresists. Using

mechanical tools is less common among methods of fabricating patterns on



the glass substrate. Laser ablation and mechanical processes lead to a rough
surface and fabrication of the smooth surface as it is shown in figure 2 is
difficult. To overcome these obstacles, Shoji et al., have recently introduced
a new method of glass fabrication where first they make an inverse pattern
of the design on silicon mold and then vacuum seal borosilicate glass to
silicon. The glass-silicon is heated to 1100 to pass through the glass
transition and melt the glass to create the patterns on the glass. With this

method, they produced microchannels up to 50um in depth.*®

(a) Wet etching (b) Dry etching

Metal or Si mask Photoesisit

1 l 1HF,BHF l l LCF4,CHF3
NI X Isotropic etching ‘ X Etching rate
. - X Mask material X Etching selectivity
Glass substrate
(c) Laser processing (d) Mechanical processing
Laser—__ Tool bit

X Etching uniformity X Lough surface

X Lough surface X Minimum size

Figure 1: Conventional glass micromachining methods and their limitations of (a) wet etching, (b) dry etching, (c)
laser processing, and (d) mechanical processing.

Figure 2. Conventional glass micromaching methods and their limitations of
(a)wet etching (b) dry etching (c) laser processing and (d) mechanical
processing.*®

After channel’s microfabrication, the device must be assembled enclosing the
channel networks or microstructures to allow fluids to flow through the
device. In most cases, a cover glass plate encloses the channels. The

procedure for glass-to-glass bonding is not always straightforward. Thus,



various bonding methods such as anodic bonding, silicon fusion bonding and
thermal bonding have been developed.??*”~*°In some studies, melting the
top and bottom glass plates of each device together under controlled
conditions created thermal bonding. Even after placing steel weights on top
and heating over 500°C for a few hours, the process completes overnight,
and some regions do not bond properly. In one study, Chiem et al.
temporarily bonded the top and bottom glass layer at room temperature by
rigorous cleaning, which involved washing and drying the glass layers
several times using a high power washer, but they too used thermal bonding
when permanent bonding was desired.*® Nevertheless, each of these
techniques require high cost instrumentation, set-up and maintainace.® Due
to the high-cost, the microfluidic devices are not suitable for disposable
applications. In addition, silica-based substrates are a good process to
create channels with low aspect ratios due to isotropicity of the etching
process. The aspect ratio is defined as a feature’s height divided by its
width. Typically, aspect ratios for glass channels etched chemically fall in the
range of 0.25 to 1. Low aspect ratios limit researchers to simple and shallow

trapezoidal channels.

1.2.3 Polymers

Polymers are the most commonly used material of choice for fabrication

microfluidic devices. Commercial manufacturers of microfluidic devices see



many benefits in employing plastics that include reduced cost and simplified
manufacturing procedures, particularly when compared to glass and silicon.
Mass replication technologies such as hot embossing and injection molding
as well as fast prototyping such as laser micromachining and casting make
polymers an excellent candidate for microfluidic fabrication. Another feature
that make polymers so enticing as platforms for microchemical applications
is the wide selection of polymers with various physical properties that can be
used. Because of the diverse physical and chemical properties of polymers
and the ability to effectively machine them, a polymer can conceivably be
found to suit any particular application. Careful consideration is necessary
choosing a polymer for a particular application.>°

The first important characteristic in choosing the right polymer for a certain
application is its machinability. The chosen material must satisfy the
application requirements. Some of these requirements include its rigidness
or softness, transparency, UV absorption, biocompatibility. One important
property in fabrication of polymers is transition temperature, T4 is the
temperature at which a polymer is ‘softened’ due to the increased
movements of amorphous chains within the polymer upon heating. This is an
important parameter in polymer fabrication since if the temperature is raised
about T4, the material becomes plastic-vicious making it moldable. At the
same time, it is important to cool the polymer down below T4 before de-

molding it to ensure proper pattern transfer and geometry stability.*®
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Polymers can be classified into three categories based on their molding
behavior:  thermoplastic, elastomeric, and duroplastic polymers.
Thermoplastic polymers have weak chain molecules. Above T4 they become
plastic and can be molded while retaining the mold shape after cooling
down. Elastomers have even weaker cross-linked polymer chains, which
means the molecules can withstand an outside force and stretch when the
force is applied. As soon as the external force is removed, they relax to their
original state. They behave the same as thermoplastic against thermal
molding. The last category, duroplastics, have strong cross-linked chain that
makes them brittle and hard to mold.**

One important advantage of using polymers is the promise of low-cost
replication. For example, in the mold fabrication technique, a master mold,
which is the one time most expensive part of the process, is fabricated and
the rest of the replication is done using the master mold.

There are several methods for fabrication of master mold. Micromachining,
electroplating, and silicon micromachining are some of the common methods
for mold fabrication. With the modern micromachining techniques, structures
in the 10 um range can be made. This is a fast way of producing relatively
easy structures without using masks. However, this method is not suitable
for high aspect ratio or very small structures. One of the common methods
of mold production is electroplating, resulting in a replication master made

out of nickel or a nickel alloy. In this method, a metal layer is grown over a
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substrate by photolithographic techniques and structures as high as 1 mm
can be fabricated. The downside of using this method is the slow metal
growth time and the fragility of the structures, which sometimes tend to
bent the master. The silicone micromachining is another method in which
the silicone wafer is etched away either by wet or dry method using
lithographic techniques. The depth of etching is much less than
electroplating up to 200um.*

Other techniques for polymer microfabrication include hot embossing,
injection molding, casting, and just direct fabrication. Hot embossing is a
replication process that has been wused extensively in microfluidic
applications.!™>* The technology of hot roller embossing is mainly motivated
by the aim of high-throughput production of microstructures. The
microstructures are fabricated using either silicon micromachining or LIGA (a
German acronym for lithography, electroplating, and molding) processing. In
this process, the master mold from nickel or nickel-alloy is fabricated by
electroplating over an appropriate photoresist. LIGA is a more desirable
technique since higher aspect ratio structures can be produced. After the
master mold is fabricated, it is mounted with the substrate polymer material
and placed under the vacuum to remove trapped bubbles, which may cause
errors in production. Then the temperature of the substrate is raised to
above T4, and the master leaves an impression on the substrate. While the

pressure between the master and substrate is still on, the temperature is
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slowly brought down to below T4 and the substrate contains and maintains

the features.

Force Frame

~

Mold insert

e

Heating and Cooling

.

Substrate

Figure 3. Schematic diagram of hot embossing*®

Micro-injection molding is a very different process than hot-embossing in
that thermoplastic material has to be melted rather than being “softened”.
After melting the material in a heated barrel, it is forced under pressure
inside a mold cavity and subjected to holding pressure for a specific time to
compensate for material shrinkage. The material solidifies as the mold
temperature is decreased below the glass transition temperature of the
polymer. After sufficient time, the material freezes into the mold shape and
gets ejected, and the cycle is repeated. A typical cycle lasts between few
seconds and few minutes, which makes it a great candidate for rapid and

disposable device production.
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Figure 4. Schematic diagram of injection molding machine.

In general, polymers have the necessary characteristics to be successful
platforms for a variety of chemical applications. Most polymers have
desirable dielectric strengths, which allow the application of the high electric
fields needed in high voltage applications such as electrophoresis. Polymers,
however, have thermal conductivities that are somewhat inferior to glass,
thereby requiring small channels to prevent significant Joule heating. Joule
heating results from the inevitable volumetric heating when an electric field
is applied across conducting media such as electrolyte.>> Another concern is
that polymers are typically opaque in under UV light and thus may generate
background fluorescence with laser-induced excitation. Finally, careful
consideration must be given to the organic solvent used in the assay and its
compatibility with the polymer, whereas in glass, most organic solvents have

no detrimental effects on this substrate.
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1.3 Non-conventional microfluidic fabrication methods

Since year 2007, besides the conventional microfluidic devices, a new class
of passive microfluidic analytical devices were introduced that were
fabricated based on paper material and hence are known as uPADs (micro-

paper-based analytical devices)>®

. The concept was to build very inexpensive
microfluidic devices that could be used as screening or detection techniques
in the remote areas and developing countries where people don’t have
access to proper health care diagnostics. These devices were made as
passive microfluidic systems out of inexpensive material, which do not
require external supporting equipment or power sources to function. The
first device was built by patterning photoresist onto chromatography paper
to form defined areas of hydrophobic “walls” or barriers and hydrophilic
“channels”. These defined areas could guide the fluidic transport through
capillary forces in millimeter sized produced channels. This device was used
for glucose and protein determination in the urine.

Since the introduction of this class of microfluidics, several groups have
introduced different manufacturing techniques to create the “walls” and the
“channels” of the uPAD devices both on chromatographic paper and filter
paper.®” They involve polymers (such as SU-8 photoresist, AKD (alkyl ketene

dimer), PMMA (poly (methyl methacrylate), PDMS (polydimethylsiloxane),

PS (polystyrene)) used in the photolithographic technique®® and their
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solutions used in converted ink plotters®® and typical ink jet printers®®. Next
group of materials consist a waxes used for commercial printing®® and
screen-printing®*. pPADs can be also created by using flexographic
printing®?, a laser®® and plasma treatment®* and finally by cutting knives.®>
As far as the applications of these systems go, in laboratories, paper is
commonly used as basic material for filtration and chromatography. Typical
MPADs detection systems are based on colorimetry, electrochemistry,
chemiluminescence and electrochemiluminescence, however colorimetric and
electrochemical qualitative and quantitative determinations are the most
popular. The first diagnostic system involving paper based device was used
for colorimetric determination of glucose and protein in urine®®. In addition,
MPADs have been used in environmental studies for detecting heavy
metals®®, food quality and in clinical tests for blood analysis and DNA
detection.

Although paper-based microfluidic devices provide a low-cost and simple
platform for performing multi-analyte detection and semi-quantitative
measurement, more complex devices are required where there are multiple
steps involved in the analysis/diagnosis, such as the premixing of samples
before the final reaction. Under such circumstances, functional elements
could be incorporated into the devices for controlling the movement of fluids
within paper-based microchannels and for expanding the functions of the

devices.®’” In addition, the sample retention (i.e., the ineffective sample
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consumption) within paper fluidic channels and the sample evaporation
during transport result in the low efficiency of sample delivery within the
device. Furthermore, Some hydrophobic agents for patterning devices
cannot build hydrophobic barriers strong enough to withstand samples of low
surface tension.®’” Moreover, since the detection limit of the traditional
colorimetric methods is high, it makes the paper microfluidic devices

insufficient for analysis of low concentration samples.

1.4 Overall Research Objective

After looking at different microfluidic technologies, there seems to be a
common drawback. A significant problem with this technology is the
difficulty in manufacturing and integrating products that have dissimilar
materials in a single device, and utilizing 3D designs. Manufacturing
microfluidics tends to be monolithic and planar, requiring the development
very clever or complex methods for building integrated devices, 28296869
Indeed, in most cases, additional functionality (such as pumping, filtering,
imaging, electronics, etc.) is added externally to the chip since it is too
difficult to integrate the required components on-chip.”’”3 Fluids are moved
primarily in the plane of the device and assays tend to treat the device as a
two-dimensional system. Moreover, chips tend to be completely sealed so

that their assays must be predetermined at time of manufacture. They

cannot readily accommodate changes at the time of the assay or transport
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of material from one chip to another. These types of devices have been used
with some success to replicate standard bench-top assays. In many cases,
the assays have been cleverly and significantly redesigned so that they may
work within the manufacturing limitations of the microfluidic system.’*”>

This shortcoming in microfluidics manufacturing limits the types of assays
that can be readily addressed. Assays that require a variety of different
materials, processes, and transfer of analytes are particularly hard. An
example of such as assay is the Western blot.”® This assay starts with
proteins prepared in a solution, which are transferred to a gel medium for
electrophoretic separation, and then blotted onto a solid membrane for
immunochemical analysis. Since this assay is difficult to design and
manufacture as a microfluidic system, clever workarounds have been
developed such as embedding antibodies within the separation gel. 7778

Gel-based separations®® and blotting may benefit from miniaturization of
microfluidic scales. In particular, for applications that produce very small
quantities of sample material, a small-sized assay is needed. An ideal
Western-style, micro-scale assay would be able to manipulate small volumes
of sample, efficiently inject analytes into a very small zone, perform
electrophoretic separations, and allow separated species to be immobilized
and transferred to another system for further analysis such as
immunostaining, high sensitivity imaging, or harvesting. Further, it would be

useful if the details of the assay (such as staining antibodies, protocol, gel
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density, etc.) could be readily changed without the need for a completely
new device.

To address this need, we propose a different approach to the design and
production of microfluidic systems. In our approach, we produce micro-gels,
microfluidics, and other functional micro-components on thin paper carriers
that are then laminated together to form a stack that can perform an assay
(see figure 5). We refer to each thin carrier as a “microfluidic coupon” or
“microfloupon” for short. Microfloupons are typically manufactured on paper
(although any material may be used). Paper is an ideal material for many
microfloupons since paper is inexpensive, easy to modify and cut, and has
reasonable mechanical strength to enable handling. Moreover, the fibrous,
porous nature of paper makes it convenient for embedding materials such as
gels or polymers. For specialized functions (such as electronics or optics),
microfloupons may be made differently from other materials, such as
polymers and metals. In the microfloupon approach, each microfloupon may
be manufactured separately (provided by separate manufacturers if
appropriate), then stacked together as needed to produce an assay of
interest. If needed, the stack may be separated, and one or more of the

microfloupons can be transferred to a new stack for further processing.
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Figure 5. General illustration of uFloupon laminated device. Multiple functional
microfloupons form layers in a stack, allowing for 3-D integration of many
dissimilar components. Microfloupons may contain microfluidics, thin gels,
sieves/filters, electronics, optics, etc. Microfloupons may be mixed and matched
as necessary to produce an assay, and may be moved from one stack to another.

To illustrate the potential for microfloupons in microfluidic assays, we
demonstrate the first half of a Western blot assay, sodium-dodecyl-sulfate
polyacrylamide gel electrophoresis (SDS-PAGE), using small quantities of
protein. This demonstration uses microfloupons to

(1) Manipulate a small sample of proteins,

(2) Inject them into a small zone,

(3) Perform gel electrophoretic separation, then

(4) Remove the gel from the system for imaging and further processing.

The demonstration utilizes some features that are difficult to produce using
conventional microfluidic technology. These include the use of an externally
manufactured thin membrane to filter and hold proteins, the use of the
vertical direction as a viable part of the assay, the use of a very thin

acrylamide gel slab, and the ability to remove the gel after separation for
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further processing of the sample. All microfloupons used in the assay device
were inexpensive and easy to manufacture. In the following chapter,
microfloupon technology is thoroughly explained and manufacturing of each
microfloupon layers are explained which can be applied in several

applications in a mix and match format.
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Chapter 2

uFloupon Technology

2.1 Introduction

Some of the main applications of microfluidic systems can be found in the
field of molecular biology, chemical synthesis and biotechnology and
pharmaceuticals. Up to the current time, many novel microchips have been
introduced. In the field of DNA analysis, a number of commercial
microarrays were introduced to the market place such as GeneChip,
DNAarray from Affymetrix®2, DNA microarray from Infineon AG, or NanoChip
microarray from Nanogen. However, a majority of these products could not
be sustained and were taken off from the marketplace. In the world of
academia, there have been several novel, state of the art biochips. A protein
array, similar to a DNA microarray, is a miniature array in which a multitude
of different capture agents, most frequently monoclonal antibodies, are
deposited on a chip surface (glass or silicon); they are used to determine the
presence and/or amount of proteins in biological samples, e.g., blood. A
drawback of DNA and protein arrays is that they are neither reconfigurable
nor scalable after manufacture. Moreover, they lack the ability to carry out

sample preparation, which is critical to biochemical applications.?!
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As discussed in the previous chapter, one of the main substrates for
fabricated microfluidic devices has been silicon. Silicon substrates lend its
technology from the semiconductor industry, and utilize existing standard
machines, materials and protocols. However, silicon is not biocompatible nor
it is transparent. In addition, because this material is expensive for biochip
applications, glass and other polymers have been introduced as the
alternative substrate material of choice for microfluidics chip fabrication.
Glass has several advantages as a fluidic substrate: i) it is optically
transparent over a wide range of wavelengths, ii) its surface is hydrophilic,
iii) its surface chemistry is well understood, iv) there are numerous etching
methods and v) modification of surface can be performed with various
techniques. In most cases, glass is the material of choice for the chemists
and biologists, but the isotropic nature of its wet etching makes it difficult to
create deep channels in glass. The fragility of this material is an additional
issue, 8384

The basic idea of microfluidic biochips is to integrate all necessary functions
for biochemical analysis onto one chip using microfluidics technology.
Current fabrication methods underline the need for external pumps, external

valves and external extensive tubing to perform some simple assays making

lab on a chip devices rather chip in the lab devices as shown in figure 6.
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Figure 6. Examples of application specific microfluidic chips. Right : http://www.popsci.com/scitech/article/2009-08/l1ab-chip-
can-carry-out-1000-tests-once?dom=PSC&loc=recent&Ink=7&con=labonachip-can-carry-out-over-1000-chemical-reactions-at-
once Left: http://www.timeslive.co.za/scitech/2011/07/31/lab-on-a-chip-may-be-game-changer-in-disease-detection

While these devices are novel and state of the art, their complex
manufacturing design makes them ideal for prototyping only. Many external
components are needed, so it is nearly impossible to scale up the production
making these devices impractical in high throughput scalable production
systems.

Another challenge facing microfluidic systems is that the complexity of
microfluidic systems is increasing rapidly; sophisticated functions such as
chemical reactions and analyses, bioassays, high-throughput screens, and
sensors are desired to be integrated into single microfluidic devices.®>™®’
Many channels require more complex connectivity than can be generated in
a single level, since single-level design does not allow two channels to cross
without connecting. Most methods for fabricating microfluidic channels are

based on photolithographic procedures and yield two-dimensional (2D)

systems.®® Research groups have conducted a few different attempts to
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introduce (3D) microfluidic structures.687:8990 Nevertheless, the fabrication
of 3D microfluidic structures with arbitrary geometries is still challenging, if
not impossible, because today’s mainstream microfluidic fabrication
techniques heavily rely on the well-established 2D planar lithographic
approach.

Whitesides and his team were some of the early pioneers in fabricating (3D)
devices manufactured by layering several poly(dimethylsiloxane) (PDMS)
material together. First, they fabricated bottom master microfluidic systems
using photoresist on Silicon by multilevel photolithography. Then, by Two-
level Photolithography and Replica Molding , they created the Top Master in
PDMS. To make the (3D) structure, they used a method called membrane
sandwiching in which one drop of PDMS prepolymer is placed in between a
facedown top master and top of the bottom master. The top master slides
on the pre-polymer until its tall alignment track falls into the tall alignment
tracks of the bottom master and the segments of the channel system from
both masters were aligned. Sufficient pressure is applied to the top master
so that pre-polymer does not seep between features that were in contact,
and the PDMS is heated to 75 °C and cured in place. The PDMS membrane
and the top master are peeled off the bottom master. The bottom of the
membrane and a flat slab of PDMS were oxidized in air plasma for 1 min and
brought into contact to seal. After the top master is peeled off, the top

surface of the membrane is sealed to a flat slab, to enclose the channel
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system, and trimmed to a convenient size.®” With this method, they were
able to produce very complex (3D) structures. However, this method needs
multiple complicated steps involving surface treatment and silicon
photolithography techniques, which makes it suitable for prototyping only. In
addition, each component is made of PDMS, which cannot be controlled
electronically and again, requires external components to design a full uTAS
system.

The same group later on introduced another low-cost (3D) manufacturing
technique in paper.8® (3D) microfluidic devices are fabricated by stacking
layers of patterned paper and double-sided adhesive tape. Using wax-
injected printers, paper is patterned, and by heating the wax hydrophilic
channels, hydrophobic walls are created. Double-sided tape is patterned with
holes that connect channels in different layers of paper. These devices
extend paper-based assays from simple 1D lateral-flow systems to 3D
devices for very low-cost analytical systems. The main functionality of this
class of devices is based on wicking and capillary action in liquids. There are
no physical channels, and integrating much functionality such as optics and
valves are difficult to impossible. In addition, non-specific adsorption may
occur by using tape in previous 3D designs.

Regarding (3D) designs, to this date with our knowledge, there are no
groups that have reported a system in which several layers of different

materials are stacked together to make a fully functional device. The design
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is either not suitable for mass production or not a general answer to most
biological problems. In the next section, the concept of uFloupons is

discussed.

2.2 What are uFloupons?

uFloupons, short for microfluidic coupons, are the new class of analytical
microfluidic devices made by lamination of several layers. The layers are thin
carriers that can be manufactured out of several different kinds of materials.
Based on the selected assay, the uFloupons can range from micro-gels to
membranes, polymers, or metallic material. After manufacturing different
layers of interest, the uFloupons can be laminated to form a stack that
performs an assay. Manufacturing of these layers can be done in house or
can be provided by outside manufacturers.

As mentioned earlier, each layer can be fabricated form the desired material
suited for the assay. If the material is not elastic, such as PDMS or rubber,
then a gasket, which is also a ufloupon, is placed between two layers to
prevent leakage of fluid into other layers. However, if the desired material is
manufactured or impregnated with elastomer polymers, then each layer can
act as a uFloupon and gasket as well. The design features on each layer can
be made on computer aided design (CAD) software, illustrator, or any other
common drawing software, with alignment considerations in mind. The

components can then be manufactured using laser cutting machinery,
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computer numerical control (CNC) machinery, or an outside manufacturer.

To illustrate the laminated layers, figure 7 is provided.

microfluidic channels

microvalves

electronics

Figure 7. General schematic for uFloupon system

2.3 uFloupon fabrication methods

Since uFloupon systems are comprised of different materials, this section is
chosen to explain some of the techniques we used to manufacture them. A
variety of polymers has been studied and developed into micro systems to
perform biological and chemical experiments.’'°*?2 The techniques and

methods explained in this section are the general description of
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manufacturing uFloupons. Materials other than the ones mentioned can be
produced by similar methods. More applications and specific fabrication

methods are explained in the subsequent chapter.

2.3.1 Paper pFloupons

Fibrous materials are important substrates for diagnostics applications and
are used in various analytical test strips; also know as lateral flow assays.
Cellulosic matrices such as paper are made out of organic pulp in which
liquid is moved by capillary action. In this research, we heavily use paper as
the material of choice to make uFloupons. Paper has properties that make it
an ideal coupon carrier in an assay. Some of these properties are as follows:
1) Paper is widely manufactured from renewable resources and is
inexpensive.

2) It is combustible and biodegradable.

3) Paper is also suitable for biological applications since cellulose is
compatible with biological samples.

5) Paper surface can be easily manipulated through printing, coating and
impregnation and can be fabricated in large quantities.

6) It can be easily stored, transported and disposed.

7) Existing use in analytical chemistry allow for easy transfer of techniques
for new applications

8) Paper properties can be easily altered to suit different applications.
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Among papers, blot absorbent filter papers are ideal because they are
specially made to interact with fluids without wrinkling. Filter papers have a
much higher wet strength®® and repress the swelling of fibers thus inhibiting
the separation of fiber. In addition to the above properties, paper is flexible,
and can be patterned with a laser-cutting machine or even manually. It is
easy to stack up, store and transport. Paper is a great support for other
fragile materials such as gel (polyacrylamide, agarose): the gels can
impregnate the paper, so thin gels can be handled easily. Since paper comes
in different thicknesses from sub um to mm, it is possible to alter the
thickness of the gel or other impregnating materials by choosing the right
thickness for the paper. So in this case, paper is used as a support and as a
spacer for accomplishing the right thickness as well. More application specific
details on gel-paper fabrication technique is given in chapter 4.

In our study, all the paper-based uFloupons were designed on Illustrator,
CarolDraw, AutoCAD or Freehand software, with defined channel length and
width. As mentioned before, the height of the channel is the thickness of the
paper. The design was then transferred to the laser-cutting machine, and
the patterns were cut out.

CO Laser machining is rapid prototype technique for meso scale fabrication

with 100 - 250 mm resolution that cuts and engraves patterns onto various
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substrates. In such systems, the laser beam is guided by several mirrors
and focused by an optical lens onto the plastic substrate as shown in Figure
8. Two-dimensional robotic arms direct the focused laser beam to scan over
the entire machining area with the substrate motion limited to vertical

direction.

Mirror
P

./‘/ S

Mirror X-Stage
e Focusing Lens

Y-Stage N\ \
Substrate
]

Z-Platform I

Figure 8. Configuration of a direct-write laser machining system with an X-Y stage

This manufacturing technique is excellent in producing structures in paper,
and by adjusting the power setting on the laser machine other uFloupons in

different materials could be manufactured in the same way.

Structures that are made with the desired pattern then can be impregnated
with various monomers such as polyacrylamide gel, agarose, PDMS,
polyurethane or epoxy and polymerized through chemical reaction or any

other polymerization technique. By using this technique, we produce thin
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layers that can be stacked on top of each other and handled easily. This
method allows for handling of fragile thin materials especially soft gels,
which are extremely difficult to handle otherwise. It is worthy to notice that
this manufacturing technique is different than the uPAD system since in this
method actual channels are produced and the liquid can flow and being

transported to different places through the channels actively.

Figure 9. Image of a paper pFloupon

2.3.2 PAPER-PDMS pFloupons

Paper-PDMS uFloupons are another widely used floupon category in our
applications. These type uFloupons are a hybrid of Poly (dimethylsiloxane)

(PDMS) and paper. The characteristics of this paper/PDMS duality make a
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powerful combination that is easy to manufacture and biocompatible and can
be used in a variety of applications.

PDMS is a silicon-based organic material used widely in microfluidic devices
due to physical properties and ease in fabrication. PDMS posseses many
chemical and physical properties that makes it an attractive material: is has
a good thermal stability, good transparency,®® low surface tension, and is
environmentally safe?” and biocampatible. PDMS is also considered an
excellent prototype material for fabricating microfluidic devices with the use
of biological samples in aqueous solutions.

PDMS used in microfluidic research is typically in a two-part heat curable
liquid form (Sylgard 184, Silicone Elastomer Kit, Dow Corning Corporation).
The solid PDMS is prepared by crosslinking the pre-polymer and the curing
agent at a certain ratio. As a general rule, 10:1 ratio of base to curing agent
is applied in most applications. The mixture is then vacuumed to remove the

air bubbles. Then it is cured in an oven of 70°C for an hour.

The process of fabricating PDMS-paper uFloupon in each application might
be slightly different resulting in different stiffness and different heights. First,
the two parts are mixed well together, then degassed and poured on a
desired carrier such as paper or a mask, then pressed and cured by raising
the temperature. The paper carrier is advantageous since the height can
vary with the height of the paper. Using this method, fabrication and

handling of very thin pFloupons is possible without the need for cleanroom
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facilities. The detailed application specific description of PDMS uFloupon is

described in the following chapters.

2.3.3 PMMA uFloupons

Poly(methyl methacrylate) (PMMA), also known as acrylic, is a synthetic
polymer that has been used for several years to fabricate microfluidic
devices. Although it is not a glass, the substance has been historically called
acrylic glass. It is a very popular amorphous thermoplastic polymer that
usually can be found in clear hard sheets and flexible films with different

thicknesses from sub-microns to millimeter range.

PMMA films/sheets can be machined, pressed and sealed and are hard,
durable and optically transparent °° (92% transmission in the visible region).
These are attractive properties for prototyping a microfluidic device.
Furthermore, PMMA has a good degree of biocompatibility, which allows

biochemical assays to be performed.

Several techniques have been introduced for fabrication of PMMA microfluidic
devices?®:26:°291.96.97 ' 5ome of these methods include injection molding, hot
embossing, X-ray lithography, laser ablation and CNC machinery. In
injection molding method, the prepolymerized pellets of PMMA are melted
and injected under high pressure into a heated cavity. The injected pieces
are then cooled and released from the mold. The molten nature of plastic

during injection allows for excellent contact with the features of the mold

34



resulting in a precise replication®”. In hot embossing method, the patterns
are made using a master stamp, pressure and heat to transfer the features
from the master to the PMMA sheets. Masters are usually made either in
silicon or metals. Silicon wafers are processed using micromachining
techniques to create the stamp’!, while metal stamps are either
electroplated against micromachined silicon masters or eletroformed using
LIGA®®. With Laser ablation, a laser-cutting machine such as the one shown
in figure 8 is used to melt the plastic away. The patterns are usually drawn
in @ CAD tool such as illustrator or EAGLE then transferred to the laser
cutting machine software. By adjusting the power on the laser, the features
then can be transferred on to the PMMA sheets. CNC machinery is another
method in which patterns are drawn using one of the desired software such
as CAD eagle or G-code, and then transferred to the machine. By using the
desired end mill as the thickness of the channel, the features can be

transferred to the sheets.

In our applications, PMMA materials were used as the hard material to
enclose the softer uFloupons. For rapid fabrication, all the features and
patterns were made using laser cutting machine and CNC machinery
techniques. More details on the application specific fabrication are given in

the following chapters.
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2.3.4 PCB uFloupons

A printed circuit Board (PCB) is an important layer that can be integrated
into the pFloupon device to make a complete lab on a chip device.
Integration of microelectronic connection with fluidics is an essential part of
a uTAS that should be addressed. Advancements in the PCB fabrication
industry have introduced sophisticated manufacturing techniques.®®:1%°
However, the integration of PCB with microfluidics has remained a challenge.
Most researchers attempt to integrate additional functions into their devices
by processing them monolithically. This method subjects the entire chip to
more manufacturing in order to produce a single function on a small portion
of the device. In addition, a lot of times, to support one-function microfluidic
chip, several valving, pumping, switches or microcontroller systems might be
needed externally. Adding external microelectronic systems to the

microfluidic systems, make the lab on a chip unattractive and inefficient to

the market since the “lab on a chip” becomes “chip in the lab”.

The microfluidic community has recently started to take advantage of PCBs
as a substrate for the microfluidic devices.!®*"1%* Wu et al. have been able to
integrate microfluidics systems with circuit boards by using a multi-step
process.!®! The key steps to achieving this goal are as follows: After
designing and manufacturing the circuit board using CAD tools on FR-4
through standard PCB manufacturing and placing the components on the

board, negative 1002F photoresist is applied on the surface. Then the
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surface is planarized by using a flat PDMS coated glass and spacers under
the hot press. Then selectively the parts that are needed to have access to
fluidics or optics are removed by photolithography techniques. This enables
optional fluidic connections to the electronics layer below as it is shown in

figure 10.

PCB uFloupons are fabricated in a similar manner to allow for mass
production. We used different techniques for manufacturing based on the
application of the PCB uFloupons. First, the PCB layout is drawn using Eagle
CAD software tools, then desired design is built by an outside manufacturer
on a regular or thin sheets of FR4 boards. The components are then soldered
to the board and a planarization technique similar to Wu’s technique was

used to make a flat surface.

First, a PCB was mounted to a flat surface using a double-sided tape.
Spacers were placed at the ends of the board to accommodate for the height
of the highest component. Then degassed PDMS pre-polymer/curing agent
was carefully poured onto the PCB and a flat PMMA sheet was placed on top.
The whole system was then transferred under the press and it was pressed
gently overnight at room temperature. After PDMS was cured, the PMMA
sheet was carefully removed from the top leaving a flat plane PDMS surface,

on which the microfluidic system could be placed. For applications that
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required optical imaging on the bottom of the chip, such as using inverted

microscope imaging, uFloupon PCBs were manufactured slightly different.

Electronic components mounted on PCB

Metal trace : :

PCB
1002 dry resist
PCB

PDMS coated glass @Hot press
Spacer

| |
PCB

UV exposure 1 l l 1

Mask —«

; 'Interconnect

PDMS coated glass Hot press

| | | | UV exposure
L
PCB

Access port Se\e:hng 1002F m|crofluidic layer

Fina I-=—

device

Figure 10. Detailed 1002F fabrication process on PCB using hot pressing and lithography.
The steps include surface mounting electronics on PCB, 1002F planarization and
encapsulation, 1002F fluidic layer patterning and sealing®!
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The steps to produce a transparent PCB uFloupons are shown in figure 11.
First, layout of the circuit board was drawn using illustrator software. For
more complex circuit layouts, Eagle CAD software was used and the file was
exported to illustrator. Using a laser-cutting machine, the layout of the
circuit was then cut out on a piece of silicon dicing tape to make a template
for the connections of the routings. This technique produced a stencil that
was taped on top of a thin Mylar sheet (50 um) and silver nanoparticle paint
was manually deposited on the mask to fill out the connections. After air-
drying the silver paint, the tape mask was removed and components were
mounted on top of the board using conductive epoxy. The board was placed
in the oven at 70C for 30 minutes for the epoxy to bond and dry. After this
stage, the same planarization technique planarized the surface leaving a
smooth circuit board layer. This method can be used for other substrate
materials as well. Also, we were able to manufacture PCB boards and

planarized the process using filter paper.

In the third technique, another printing method was utilized to accommodate
direct contact with the biological assays while it was developed on a
transparent flexible substrate for imaging purposes. Since silver is not
compatible with biological reagents and oxidizes when in contact with
conductive buffers due to electrolysis effect, stainless steel was chosen as
the tracing material. Stainless steel corrodes at a much slower rate than

silver.
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Figure 11. Process of producing a transparent PCB microfloupon. a) A stencil mask is
designed and attached to transparent substrate b)silver particles are painted on the traces
c)the mask is removed d) the components are attached. e) demonstration of flexible PCB
microfloupon.

Moreover, because this material is much less expensive than platinum,
stainless steel was the best option for making disposable PCB uFloupons.

To manufacture the PCB uFloupons, the board traces were drawn using
illustrator. Then, a thin (50um) stainless steel tape was etched out using
laser-cutting machine and then bonded on a surface of Mylar sheet using
alignment marks. Then the rest of the tape was removed to leave just the
stainless steel traces. This method allowed us to manufacture vias and
electronic traces on a single sheet in a very rapid, inexpensive fashion. In
this method, to make the connection between the traces and the wires,
copper tape was used to avoid any soldering issues such as poor adhesion,

and the need for excessive heat in heat soldering process.

40



2.4 yFloupon Lamination techniques

After manufacturing, the desired layers were laid on top of each other and
aligned with alignment pins. The alignment pin locations were designed and
incorporated into each uFloupons layer during the design and manufacturing
of the uFloupons. If the layers were made out of hard polymers or PCB
boards, or the uFloupons were conductive throughout the whole surface, a
gasket was needed between the two layers. For example if a uFloupons was
out of polycarbonate and the next uFloupon on top of it was made out of
paper impregnated with a conductive material such as polyacrylamide gel, a
soft thin gasket needed between the two uFloupons to avoid any leakage.
The specific gasket that was used in our applications were made in house
and were built using thin sheets of paper which were cutout in the middle to
make a frame with the thickness of 100um or less. Then, each cavity of the
frame were filled with PDMS monomer and flattened using a flat piece of
acrylic. Next, it was cured in the oven with the temperature of 80°C for an
hour. In this method, the paper frame was impregnated with PDMS and
made a thin gasket. A sharp biopsy punch was used to make the access
holes at specific locations between layers where they were needed. In some
applications, the temporary adhesion between the PDMS layers was strong
enough that lamination is done by placing each layer on top of another
without any other extra force. However, in the protein analysis system, in

which gaskets were insufficient in creating adhesion between the layers, a
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metal frame was built by an outside vendor to screw in the laminated device
and hold the layers tightly together as it is shown in figurel2. The next

chapter explains specific applications of the pFloupon.

Figure 12. Images of the SDS-PAGE fixture to keep the microfloupons layer together to
avoid leakage.
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Chapter 3

uFloupon Integrated System In A Protein Analysis Assay

3.1 Electrophoretic Protein Separation

Separation of charged molecules in an electric field is called electrophoresis.
In biology these molecules can be DNA, RNA, and Proteins. Separation of
proteins in an assay is a well-known technique!®® and an important step in
biology, which enables the possibility to study its enzymology (the science
that deals with the biochemical nature and activity of enzymes), understand
its affinity for particular substrates, or dissect its ability to catalyze
enzymatic reactions. Such approaches have allowed scientists to understand
how biological molecules can act as catalysts in metabolic processes or as
transducers that will convert chemical energy into ionic gradients or
mechanic forces. This powerful step gives information about the particular
activities that resides in a specific protein and data about the function of the
protein. In addition, understanding protein expression and protein function is
crucial to the identification of new targets for drug development.

Proteins can be separated by exploiting differences in their solubility in
aqueous solutions. The solubility of a protein molecule is determined by its
amino acid sequence because this determines its size, shape, hydrophobicity

and electrical charge. Proteins can be selectively precipitated or solubilized
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by altering the pH, ionic strength, dielectric constant or temperature of a
solution. There are many methods for protein purification and separation.
Here, we will review the sodium dodecyl sulfate polyacrylamide gel
electrophoresis since this was the chosen method for the purpose of this

project.

3.1.1 SDS-PAGE

Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) is
the single most widely used analytical technique for researchers working
with proteins. Protein separations by SDS-PAGE are commonly used to
determine the approximate molecular weights of a protein and the relative
abundance of major proteins in a sample. This technique is based on the fact
that any charged ion or group will migrate upon the application of electric
field. Since proteins carry a net charge at any pH other than their isoelectric
point, they will migrate and their rate of migration will depend upon the
charge density (the ratio of charge to mass) of proteins concerned; the
higher the ratio of charge to mass, the faster the molecule will migrate.° In
the absence of obstacles, polyelectrolytes with the same chemical nature
and different sizes migrate at the same velocity, because the friction and the

charge are both proportional to the size.!®” Therefore, the proteins must

have a supporting medium to move through to separate based on size.
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In order to better understand the mobility phenomenon, we can apply a
simple model and use a negatively charged point and the forces that are
applied to the charge when it is placed in an electric field as it is shown in
figure 13. In such system, there are two forces that are applied to the
charged molecule: electrostatic force which pushes the charge towards the
cathode and the friction force which keeps the charge away from moving
forward. At any time, these two forces are equal. The electrostatic force is
proportional to electric field and charge while the friction force is
proportional to the shape, viscosity and velocity of migration. Therefore we

can have setup the following formulas:

Friction Force Electrostatic Force

TAA A A?AA A A TAA A

Figure 13. Image of a particle placed in an electric field indicating the forces on a
negatively charged particle that is placed in an electric field.
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Eq.(1) F,=q.E

Eq.(2) Fr=6.1.1.7.0,,

F, = F; ~ q.E= 6.mn.1.7,
Eq.(3) Vep = 6.(711..]757'.7”
q: charge

r: radius of the charge

n: Viscosity of the solution

Vep: Velocity of migration

Fe: electrostatic force

Fe: friction force

Since electrophoretic mobility, uep, is the rate of velocity in an electric field,

E, we can find the mobility of the molecule as follows:

vep q
E  6mnr

Eq. (4) Hep = . const.%

Therefore, mobility is a relationship between the charge and the shape of
the molecules. If the same charge is applied to different molecules, their

mobility will just depend on their shape or their size and this is the
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fundamental theorem that is used in electrophoresis and separation of
particles (in this case proteins) based on their size only.

The two options are either using free solution or a more stabilized medium,
and each has its own advantages and disadvantages. Although running the
sample in the free solution is a much faster procedure, any heating effects
caused by electrophoresis can result in convective disturbance of the liquid
column and distortion of the separating proteins. In addition, the effect of
diffusion will constantly broaden the protein bands even after electrophoresis
has been terminated.!’® To minimize these effects, it is preferred to carry
electrophoresis not in a free-solution but instead in a more stabilized
supporting medium such as gel. Not only does the supporting medium help
with diffusion and joule heating, it also aids researchers in fixing the
separated proteins in place for post electrophoresis analysis. In the case of
SDS-PAGE, polyacrylamide (PA) gel, a synthetic polymer of acrylamide
monomer, is the medium of choice. This gel is formed by cross linked
polymerization of two organic monomers, acrylamide and the crosslinking
bifunctional compound, N,N’-methylene bisacrylamide (usually abbreviated
to bisacrylamide) which reacts to free functional groups at chain termini. The
structure of the monomers and the final gel structure are shown in figure 14.
This compound has been shown as a suitable medium for electrophoresis?®.

Polymerization of acrylamide is initiated by ammonium persulfate with

addition of N,N,N’,N’-tetramethylethylenediamine (TEMED) which catalyses
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the formation of free radicals from ammonium persulfate and these in turns
initiate the polymerization.

This gel is a porous medium, with the pore size in the same order as that of
the protein molecules. The effective pore size of polyacrylamide gel is
greatly influenced by the total acrylamide concentration in the
polymerization mixture. As the concentration of acrylamide increases the
pore size decreases. Therefore, the choice of acrylamide concentration is
critical for optimal separation of protein content where separation is also

dependent on both charge density and size!®®.

0]
C—NH,, (0] 0
CH,=CH - CH,=CH é NH— CH, —NH—C— CH=CH,
Acrylamide N,N’-Methylenebisacrylamide
¢so4-

i i i i
(‘J—NH2 (‘S—NH2 C—NH (‘J—NHZ
CH, ?H CH,—CH—CH,—CH—CH,— CH—CH,—CH—CH,— CH
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(‘JHZ 0 0 0 (‘]H
0=C I\‘IH (‘IJNHZ gNH2 g NH, o—c‘: llIH
—CH,—CH—CH,—CH—CH,— CH— CH,— CH—CH,— CH—CH,— CH—
(‘3 NH
O‘ |

Figureld4. The chemical structure of acrylamide, N,N’-methylenebisacryalamide, and
polyacrylamide gel.
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In conventional SDS-PAGE, a discontinuous vertical buffer system is used
with different pH and different concentration of acrylamide in which the
proteins are loaded on to the electrophoresis buffer on top of a gel with
lower PA concentration which is called stacking gel followed by a gel with a
higher PA concentration where proteins separate and is called running or
resolving gel. This is done to increase the resolution of protein separation
during SDS-polyacrylamide gel electrophoresis. The stacking gel contains
chloride ions, the “leading” ions, which migrate quicker through the gel than
the protein sample, while the electrophoresis buffer contains glycine ions,
the “trailing” ions, which migrate more slowly than the protein sample. The
protein molecules are trapped in a sharp band between these ions. When
proteins enter the resolving gel, they slow down due to increased frictional
resistance (smaller pore size) that allows the following proteins to catch up.
This causes the proteins to “stack” at the boundary and as a result all the
proteins will start at the similar point and therefore produce tighter band and
a higher resolution separation system.

One characteristic of proteins is that they are normally folded up into specific
three-dimensional structures, which affect the way they move through the
gel. Therefore, both the natural charge of the protein and the shape of the
protein will affect the way proteins move through the sieve. In the cases
where the study of protein’s secondary structure and native charge density

are desirable, the proteins are kept unmodified. However, in the case of
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SDS-PAGE, it is important to separate proteins based only on their molecular
weight. Therefore, it is desirable to eliminate both the natural shape and
charge of the protein molecules. In order to do this, a strong solution is
added to the sample, causing proteins to unfold. The solubilizing denaturing
agents such as sodium dodecyl sulfate (SDS) are widely used in the
separation of proteins by gel electrophoresis. SDS has high affinity for
proteins and promotes protein denaturation. SDS is anionic detergent that
binds to most soluble protein molecules in aqueous solutions over a wide pH
range. The amount of SDS bound by a protein and the charge on the
complex, is roughly proportional to its size. Commonly, about 1.4 grams of
SDS is bound per 1 gram of protein. The proteins are generally denatured
and soluble by binding to SDS, and the complex forms a rod of a length

roughly proportionate to the protein’s molecular weight.

;E Reducing SDS -
agent /’ y y

Lysate proteins Denatured proteins Evenly charged
proteins

Figure 15. The process of denaturing the folded proteins and attaching SDS molecules on
the proteins.
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Thus, proteins of either acidic or basic pH, form negatively charged
complexes that can be separated on the basis of differences in their sizes by
electrophoresis through a sieve-like matrix of polyacrylamide gel.!? In a gel
of uniform pore size, the relative migration distance of a protein is the
relative electrophoretic mobility (Rf) and is negatively proportional to the
logarithm of its MW.1% If proteins of known MW are run simultaneously with
the unknowns, the relationship between Rf and MW can be plotted, and the
MWs of unknown proteins can be determined.!!® This is the basis of
polyacrylamide gel electrophoresis, which leads to identification and

quantification of specific proteins.
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Figure 16. Graph of molecular weight vs. relative mobility of proteins.

3.2 Microfluidic Protein Separation/Analysis Technology

The recent development in protein analysis utilizing microfluidic technology
has led researchers to realize new techniques for performing electrophoresis
and analysis, which can be much more efficient and sensitive than its
conventional benchtop counterpart. Other important benefits of a
microfluidic electrophoresis include the ability to work with small protein
sample, less reagents consumption, and a much faster experiment time and

less laborious work. Electrophoresis can be performed much more efficiently
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on microfluidic devices: because of the large surface area, the heat
dissipation is much more efficient and the injection plug is significantly
shorter via more flexible control. Thus, higher electric field can be applied
across a much shorter separation channel and less time is needed to
separate the proteins. !

As mentioned earlier, here we discuss the microfluidic systems that are gel
based rather than using free solution. Incorporation of sieving matrices such
as gel into microfluidic electrophoresis technology has yielded enhanced
separation efficiency.’®11%113 Among the various sieving structures explored,
including micro/nanomachined structures and functional chemical materials,
polyacrylamide (PA) gel is notable. PA gels are a common and powerful
separation matrix for conventional benchtop electrophoretic separations of
proteins, peptides, DNA and other biomolecules. PA gels are typically used in
slab-gel formats including polyacrylamide gel electrophoresis. 7’

Much work has been done by different research groups to fabricate
microfluidic devices capable of performing SDS-PAGE in a more efficient and
shorter analysis time.’#7%77:781137115 14 each of the microfluidic systems,
preconcentration of proteins prior to electrophoresis of the sample has been
shown. For example, Hatch et al, utilized sophisticated photolithography, wet
etching, and bonding techniques to fabricate micro- chips from Schott D263

glass wafers. This device employed two polymeric elements one thin (~50

Mm) size exclusion membrane for pre-concentration, and a longer (~cm)
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porous monolith for protein sizing, which was fabricated in situ using
photopolymerization. The size exclusion membrane was polymerized in the
injection channel using a shaped laser beam, and the sizing monolith was
cast by photolithography using a mask and UV lamp. Proteins injected
electrophoretically were trapped on the upstream side of the size exclusion

membrane (MW cutoff ~10 kDa) and eluted off the membrane by reversing

the electric field. Subsequently, the concentrated proteins were separated in
a cross-linked polyacrylamide monolith that was patterned contiguous to the
size exclusion membrane. 3

In another study by Herr lab, a glass microfluidic chamber with supporting
microfluidic channel networks was manufactured using wet etching
techniques and then several different polyacrylamide gel elements were
patterned by photopolymerization techniques to integrate stacking and
resolving gel in to the system to mimic the conventional PAGE and
subsequent antibody-based blotting. In this work, ultra violet (UV) light had
been used to polymerize a different part of the polyacrylamide gel selectively
at different times such that stacking occurred; running and blotting gels
could be formed at specific regions of a planar, glass microfluidic device.
Biotinylated antibody using streptavidin polyacrylamide gel was used to act

as the blotting membrane, which allowed for post-separation analysis. ’’
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The Agilent 2100 bioanalyzer, developed in collaboration with Caliper
Technologies (Mountain View, CA, USA) has become the first fully
commercialized implementation of microfluidics technology. ¢!’

The instrument uses semi disposable chips consisting of two glass plates
bound together, one layer with microfabricated channels etched into it and
another layer with 16 through holes that form the sample and buffer
reservoirs and provide access to the channels. The channels are filled with a
sieving polymer in order to separate the proteins according to their size, and
an intercalating fluorescent dye that stains the proteins. Before the laser
induced fluorescence detection of the different proteins, a de-staining step is
integrated on the chip. The software automatically evaluates the data and
displays a detailed result table containing the size and relative concentration
of each protein, as well as the percentage of the total protein content of the
sample.1®

Although the mentioned devices have shown great novelty in the area of
protein analysis in microfluidic systems, nevertheless, manufacturing in all of
the these microfluidic systems tends to be monolithic and planar, requiring
the development very clever or complex methods for building integrated
devices. Glass has the advantage of transparency, but is difficult to obtain
straight etched side walls. Simplifying the design, cost of manufacturing, and
versatility of using the same technique for performing different assays were

the main driving forces of this project. The ability to conduct post-
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experimental analysis cannot be done in most current devices due to the
closed system design. In addition, as mentioned before, one common
drawback that can be counted in all of these systems is the lack integration.
To run these systems, a lot of supporting elements are needed which makes
these systems not “chip in a lab” rather than “lab on the chip”. To address

these issues, we came up with the uFloupon version of SDS-PAGE system.

3.3 uFloupon protein separation design

The goal of this study was to demonstrate that a ufloupon lamination
technique could be used to perform SDS-PAGE analysis on a small sample of
proteins. This involves manipulating proteins from a prepared sample,
transport of the proteins into a small zone within a very thin polyacrylamide
gel, electrophoretic separation of the sample in the thin gel, and removal of

the gel with proteins intact for analysis and further processing.

To accomplish this, a stack of uFloupons was designed containing a top and
bottom plastic manifold enclosure, and four microfloupons. These were:

(1) a thin polymer gasket/aperture microfloupon,

(2) a paper-gel microfloupon,

(3) a thin track-etched filter microfloupon,

(4) a second paper-gel microfloupon.
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The system also included several gaskets in between the microfloupons to
avoid and mitigate any leakage problems. The design is shown in figure 17.
The manufacturing details of each component are described in the following
fabrication section; here we focus on the design and function of the device.

The microfloupon stack was designed for use with a rigid plastic enclosure on
the top and bottom of the stack. The enclosure contained machined holes
and channels that provided mechanical strength to the system, and allowed
for pipetting of reagent and sample into the system, routing of fluidic
channels, attachment of electrical connections. During operation, the entire
stack (plastic enclosure and microfloupons) was placed in an aluminum
fixture to hold everything and press the stack together. Alignment pins were
designed into each microfloupon to ensure that the microfloupons were
aligned with respect to each other and the enclosure. To simplify the design,

the tests were performed and collected initially on one injection site.

Electrode  Electrode  Sample Electrode Electrode
access access reservoir access access
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m
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Figure 17. Layout of microfloupons used for this study. The top enclosure has several holes
and slots that are filled with buffer to allow electrical connection to the gel. The middle
reservoir is used to load the sample, to access the electrode. The bottom enclosure also
allows electrical access through a hole and buffer; however, it is sealed to prevent buffer
from falling out. The footprint for the entire structure is 4.3 cm x 7.0 cm x 1.5 cm.

The system was designed to work as follows: denatured protein sample was
pipetted into the top reservoir in the housing. Voltage was applied to the top
and bottom electrodes, forcing the sample to be electrokinetically driven
vertically from the reservoir through the top aperture microfloupon:

(1) into the running gel microfloupon (2) the current passed through the
running gel, through the track-etched membrane (3), and through the waste
gel microfloupon (4) to the bottom of the device where the second electrode
was placed. However, if no barrier was used below the running gel
microfloupon, then proteins would have just flow from the injection reservoir
down to the bottom reservoir and that’s where we utilized a polycarbonate

membrane. This microfloupon, track- etched membrane, was expected to
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trap the proteins. Therefore, stopping and focusing the proteins in the
running gel without letting the sample passing through.

After a suitable time, which was determined empirically, the voltage was
switched to different electrodes, changing the electric field to a horizontal
direction along the length of the running gel, and a standard electrophoresis
separation was performed in the running gel. Detection of the sample and
qualitative imaging of the system could then be done using standard staining
or directly under the microscope using fluorescent-tagged proteins. In the
following studies, we have used fluorescent-tagged antibodies to study the
behavior of the device.

Successful operation of the device relied on two phenomena: (1) shaping of
the electric field lines within the running gel, and (2) trapping the proteins at
the surface of the track-etched membrane. For efficient operation, field lines
had to be properly shaped to move the proteins into a small region of the gel
without allowing dispersion to occur due to diverging field lines. Following
focusing and injection of the proteins, the field lines were switched to run
parallel to the running portion of the gel to and allow for electrophoretic

separation of the proteins.

3.4 COMSOL Simulation Modeling

It is widely accepted that the quality of designs can be verified and improved

by the proper use of modeling and simulation tools. Verification of the design
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quality can be achieved by simulating the (predicted) performance and
showing that it satisfies the demanded performance. Therefore, to better
understand and predict the behavior of moving proteins during the injection,
concentration and separation COMSOL software was utilized. COMSOL multi-
physics is a finite element analysis, solver and simulation software for
various physics and engineering applications. It has several modules from

AC/DC, acoustic, and heat to MEMS, microfluidics and electromagnetics.

The modeling approach presented here uses a combination of analytical
modeling and multiphysics finite element modeling to predict the behavior of
uFloupon system for protein concentration upon operation. The results were
then compared with an actual test to validate the modeling approach. First,
to model the electrophoresis uFloupon system, a simplified model was
designed. The original uFloupon design has four parallel lanes for multi-lane
protein separation to mimic the macro-scale counterpart. In the simplified
version of simulation, only one lane was simulated. Since we were interested
in just the behavior of electric field lines, we used AC/DC module, which was
sufficient for the design. Using an ammeter, the two currents were measured
at an interval of time and the data was calculated to compare the
impedances of the two. The impedance of PA impregnated paper was
measured to be an average of 1.5X of the gel at relatively any time at a

voltage of 330V as shown in Table 1.
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The data showed a linear relationship between impedance and time. As time
progresses, the resistance of both PA impregnated paper and gel increases

due to the depletion of ions from the SDS running buffer.

Current Current R Paper R Gel R (pg)/R(gel)
Time(s) (mA) (mA) (k) (k)
Paper+PA Gel Paper+PA Gel
0 1.86 3.21 177.4193548  102.8037383 1.725806452
15 1.74 2.77 189.6551724  119.133574 1.591954023
30 1.69 2.63 195.2662722  125.4752852 1.556213018
45 1.59 2.51 207.5471698 131.4741036 1.578616352
60 1.55 2.45 212.9032258 134.6938776 1.580645161
75 1.49 231 221.4765101 142.8571429 1.55033557
90 1.41 2.17 234.0425532  152.0737327 1.539007092
105 1.38 1.99 239.1304348 165.8291457 1.442028986
120 1.31 1.85 251.9083969 178.3783784 1.41221374
Average
Resistance 1.552980044

Tablel. Resistance comparison between the polyacrylamide gel and a soaked filter paper
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Graphl. Resistance vs. time comparison between gel and paper.
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Electric field lines were determined using the location of current sources and
drains and the arrangement of conductive and insulating media in the
system. Graph 1 shows the side view of one lane indicating the electric field
simulations using COMSOL. Two configurations are shown. The first simple
design contains a negative electrode in the middle top reservoir for protein
injection and a second positive electrode below the gel to drive the proteins
from the reservoir into the gel membrane. The second case used three
negative electrodes: one electrode in the injection reservoir, two electrodes
on each side of the middle reservoir about 1mm apart from the center, and
one positive electrode below the gel. In the gel microfloupon, gel was
impregnated in both the main component of the paper and in open lanes cut
into the paper. As mentioned earlier, the electrical impedance of the gel-
filled paper was measured to be 1.5X that of the open gel regions. Thus,
wide reservoirs at the electrode ends, and parallel and symmetric design of
the gel lanes were needed to ensure that field lines are parallel within these

lanes.
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Figure 18 Slice of 3D finite element analysis (COMSOL) simulation of electric fields on a
representative electrophoresis device. Image (a) shows simulation results of field lines
achieved using one electrode with -300V applied at the top and a grounded electrode at the
bottom. Note the diverging of the field in the center of the gel. The second image (b) shows
the concentration of electric field lines using three electrodes with -300V applied to the top
and sides and a grounded electrode the bottom.

To simulate the design, -300V and ground were applied as the driving
forces. The COMSOL simulation indicated that one electrode was insufficient,
as the electric field lines show diverging behavior in the gel. As a result,
protein sample would be lost, rather than concentrated where the membrane
was placed. However, when using three electrodes, the field lines show a
tight converging effect, which significantly helped in accumulating and

concentrating the protein sample.
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This model was compared with an actual experiment and then upon
observing the matching result used to do the following experiments that are

described in the following chapters.
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Chapter 4

Protein Analysis Experimental Method/Setup

4.1 Chemicals, Reagents and Material

Pre-labeled Alexa Fluor 532 goat anti-rabbit IgG (composed of heavy and
light chain proteins, 50 kDa and 25 kDa respectively lot#:1241449) and
BenchMarkTM fluorescent protein standard (12 kDa, 23 kDa, 33 kDa, 41
kDa, 65 kDa, 100 kDa, 155 kDa lot#:1232327) were purchased from
Invitrogen (Carlsbad, CA, USA). Acrylamide/bis-acrylamide solutions (29:1)
30% and 40%, 10x Tris—glycine-SDS buffer (25 mM Tris, 192 mM glycine,
0.1% (w/v) SDS), SDS, tetramethylethylenediamine (TEMED), and
ammonium persulfate (APS) were obtained from Sigma-Aldrich (St. Louis,
MO, USA). Whatman track-etched membranes (0.1 pm lot#:65691, 0.08 um
lot#:49083, 0.015 pm lot#:54821) were donated by GE Healthcare
(Waukesha, WI, USA). To make an appropriate polyacrylamide gel
concentration (T), 30% and 40% (w/v) acrylamide-bis acrylamide was
diluted with 4x lower Tris SDS electrophoresis buffer and water and when
ready to use, a proper amount of TEMED and APS were added to the total
volume. For micropatterning work, Shipley 1827 photoresist, SU-8
developer, 1-methoxy-2-propyl acetate, was obtained from Microchem Corp

(Newton, MA). To produce 1002F resist, UVI-6976 photoinitiator
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(triarylsulfonium hexafluo- roantimonate salts in propylene carbonate) was
purchased from Dow Chemical (Torrance, CA), and GPL resin from Sigma
Aldrich (St. Louis, MO).

To build the apparatus and other parts of the device, PMMA sheets were
obtained from Anaheim Plastics (Anaheim, CA, USA) and PDMS base
polymer and PDMS curing agent (Sylgard 184A/B) were purchased from Dow
Corning (Elizabethtown, KY). For salinizing the surface of the glass,

Sigmacote was purchased from Sigma-Adrich (St. Louis, MO, USA).

4.2 uFloupon Fabrication for Protein Analysis

The device consisted of a top and bottom plastic manifold enclosure, and
four microfloupons: (1) a thin polymer gasket/aperture, (2) a paper-gel
microfloupon, (3) a thin track-etched polycarbonate filter microfloupon, (4)
and a second paper-gel microfloupon.

Figure ba shows Layout of microfloupons used for this study. The top
enclosure contains several holes and slots that were filled with buffer to
allow electrical connection to the gel. The middle reservoir was used to load
the sample, as well as for electrode access. The bottom enclosure also
allowed electrical access through a hole and buffer; however, it was sealed
to prevent the leakage of buffer. The footprint for the entire structure was

4.3cmx 7.0cm x 1.5 cm.
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Using computer controlled CO2 laser cutter (Versa Laser Systems, model
VL200, Universal Laser Systems, Ltd, Scottdale AZ) and Adobe Illustrator
software, the plastic manifold enclosures (top and bottom) were cut and
from of slabs of poly methyl methacrylate (PMMA, Anaheim Plastics,
Anaheim, CA). Each piece was 4.3 cm x 7.0 cm x 6.35 mm thick. Holes,
reservoirs and channels were routed in the plastic using standard computer
numerically controlled machining (CNC). Each enclosure had four precision
through holes drilled for alignment pins. These were used to align the top
and bottom enclosures as well as the microfloupons between them by using
mini dowel. The plastic enclosures provided a mechanical-fluidic enclosure,
and a flat surface to firmly hold the microfloupons together. They also
allowed for easy electronic and fluidic access to the device through
embedded the channels and reservoirs. To manufacture the bottom
manifold, first a reservoir with the volume of 3mL was cut out using CNC
machinery. Then, the bottom manifold was sealed with a thin acrylic sheet to
prevent fluid from falling out of the bottom channels. First the bottom
manifold and the thin PMMA sheet where cleaned with DI water and air-dried
to remove any dust and impurities from the surfaces. Then, few drops of
isopropanol were deposited on top of one piece and carefully the other piece
was placed on top of it. Then the two pieces were sandwiched between two
gaskets and two flat pieces of metals and were placed under the press at

165°C for 1 min to form an irreversible bond. Acrylic was chosen for both
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enclosures because it is inexpensive, strong, easy to machine, and
transparent in the visible range.®®

The first microfloupon (“gasket/aperture”) consisted of a thin polymer
patterned with holes to let protein and electric current pass through from a
reservoir in the top manifold to the acrylamide gel below it at a specific
location. The polymer was a photo-definable epoxy, Photostructurable Resin
PSR 1002F''°, which allowed it to be manufactured as a thin film using
standard photolithography. To manufacture the aperture layer, the uncured
1002F epoxy material was spun to a thickness of 100 micrometers on a
glass surface. The spin speed was 500 rpm for 10 seconds followed by 30
seconds at 1200 rpm. The resin was then soft baked at 65° C for 30 minutes
to evaporate the solvent. Using a computer-generated photomask that
defined small open regions (100 um), the material was exposed to UV light
at 6 mW/cm2 for 7 minutes to crosslink the polymer. SU-8 developer
(MicroChem, Newton MA) then removed the unexposed areas and developed
the pattern as it is shown in figure 19. To ensure proper alignments,
alignment points were designed on the mask to indicate where the openings
will be placed. The film was removed from the glass surface by soaking it in
DI water for 2-3 hours. As the first microfloupon in the stack, the film could
be aligned with the manifold by alignment notches placed in the plastic and

in the microfloupon. The key feature of the gasket/aperture microfloupon
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was a small opening (100 pm x 100 pym) in the PSR 1002F that allowed

sample and electric current to pass into the running gel.

Figure 19. SU-8 pattern on a piece of glass after development

The second microfloupon (“running gel”) was a polyacrylamide gel filled
paper coupon designed to perform the function of collecting the proteins
from the sample, then separating them along the length of the gel slab. This
microfloupon was made from blot absorbent filter paper (Bio-Rad, Hercules,
CA), 300pm thickness. Four lanes, each 2 mm x 36 mm, were cut in the
paper using a computer controlled CO2 laser cutter.

The microfloupon paper and the slots were filled with 12% polyacrylamide
gel. First 4x lower buffer was prepared. To make 4x lower buffer of 1.5 M

Tris with pH 8.8 and 0.4% SDS, first two liter of the solution was prepared
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by mixing 263.3g of Tris with 50mL of HCL and 80ml of 10% SDS and
adding nano pure water to bring the volume to 2 liter. Then to make the gel,
briefly, 30% acrylamide monomer (667 ml), sodium dodecyl sulfate (SDS)
4x lower buffer (500 ul), nano pure water (825 ul), and chemical initiators
TEMED (1 pl) and ammonium persulfate (APS) (25 uL) were mixed together.
This mixture was poured onto a paper microfloupon with pre-cut slots and
allowed to soak into the paper. To ensure a flat gel of uniform thickness, the
saturated paper microfloupon was placed between two clean glass surfaces
and the polyacrylamide gel mixture cured. To improve removal of the gel
from the glass, the glass was first salinized by dipping in silicone solution
(Sigmacote, Sigma-Aldrich, St. Louis, MO) for 15 minutes, rinsing it and
allowing it to dry. The result after casting and pressing the polyacrylamide
gel in the paper was a smooth, flat paper microfloupon that was
impregnated with polyacrylamide gel. The slots contained thin slabs of pure
polyacrylamide gel, approximately 300 um thick, with almost no air bubbles
or defects. Moreover, the microfloupon could be handled and easily
assembled in the laminate stack without tearing the gel membrane as it is

shown in figure 20.
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Figure 20. Gel impregnated paper microfloupon

The third microfloupon (“membrane/aperture”) was a paper coupon
impregnated with silicone polydimethylsiloxane (PDMS) and small openings
in the center to allow current and ions to pass through to the bottom layer.
A polycarbonate Whatman track-etched membrane, (Whatman, Kent, UK)
patterned with photoresist to allow passage of current through a very small
region, was placed on the PDMS microfloupon before the PDMS had cured.
After curing, it held the membrane securely in place, while providing a good
seal against leakage out the bottom and a transparent region for imaging27.
The track-etched membranes were 25 mm in diameter, 6 ym thick and
contained nanopores 15 nm in size, which appeared to block proteins in
laboratory tests. Despite the large pore size of the membrane compared to
typical protein size, our results show these to be reasonably effective in
blocking the proteins. This may be due to the fact that polycarbonate is

known to carry negative surface charge, which repels proteins.!?® The
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membrane was prepared in order to produce a tiny region for the electrical
current and ions to pass. It was first placed on a silicon wafer and held in
place by polyimide tape. The wafer was then spin-coated using Shipley 1827
photoresist (MicroChem Corp, Newton, MA) for 40 seconds at 4000 rpm.
After spinning, the membrane was baked at 95 °C on a hot plate for 3
minutes. A negative mask containing a pattern of 100 um x 100 um squares
was placed on top of the membrane. The photoresist coated membrane was
exposed to UV light (365 nm) at 11 mW/cm? intensity though the mask for
40 seconds. The membrane was then submerged in Tetramethylammonium
hydroxide (TMAH) developer for 40 seconds to develop the resist pattern,
resulting in a precise opening that was patterned on the nanoporous
membrane. After patterning, the photopolymer was fully cured by baking at
120 °C for 30 minutes. The non-exposed region of the membrane remained
covered with the polymerized photoresist, thus sealing the pores everywhere
except at the small aperture. To remove the membrane from the wafer, the

wafer was soaked in DI water overnight.
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Figure 21. Details of track-etched membrane patterned with photopolymer to define small
apertures. A) Microfloupon containing four apertures with membranes. B) Scanning electron
micrograph of aperture defined by photopolymer, enabling placement of precision opening
on the membrane. C) Close-up image of nanopores in the track-etched membrane.

The fourth microfloupon (“waste gel”) was a paper coupon with a small
opening that held 29% polyacrylamide gel in small openings, 2.5 mm in
diameter. The percentage of the polyacrylamide gel was chosen to be over
22% which has the MW cutoff of ~10kDa.!!* The waste gel was chosen to be
higher density to significantly slow down the migration of proteins leaving
the system, thus allowing them to be imaged. This helped to understand the
efficacy of the membrane for filtering the protein sample. This microfloupon
also contained a PDMS coating, which was manually applied and cured that
served to act as a bottom gasket for the system. The microfloupon provided
an electrically conductive path to the bottom enclosure, and captured any

proteins that might have passed through the membrane. Both the floupon
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and running gel were made in a similar fashion. A small amount of gel
solution was pipetted into the holes and allowed to cure using the same
protocol as the running floupon. The gel easily impregnated part of the
paper, providing a secure holding for the gel after it cured.

The holes drilled into the bottom plastic enclosure figure 23 corresponded
with the openings in the waste gel microfloupon. These holes led to a
channel that in turn led to a large cavity that contained a platinum electrode,
which was inserted and sealed through a hole in the side of the enclosure. At
the beginning of each experiment, after assembling the microfloupon
system, the cavity with the volume of 3mL was filled with running buffer,
providing electrical connection from the microfloupon gel to the electrode.
Since bubbles were undesirable at the point of connection between the
bottom enclosure and the top microfloupons, the cavity comprised a specific
design to prevent the bubbles from moving from the electrode location to
the connection point. The dome shape at the electrode side trapped the
bubbles from moving along the cavity to the connection side when
electrolysis occurred during operation.

At the end, the entire stack, consisting of two plastic enclosures and four
microfloupons, was placed in a fixture to press all the layers together,
forming a single multi-structured device that could be used to perform
loading, concentrating, and electrophoretic separating of proteins as shown

in figure 22 and figure 23. A fixture was made out of aluminum, which was
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specially designed and fabricated by an outside vendor to provide enough
support and enforced a leak-free microfloupon structure. After completing
the injection and separation steps, the stack could be separated, and any of

the microfloupons removed for further processing.

4.3 Protein Analysis Experimental Setup

To test the device, a standard SDS-PAGE assay was performed using a
protein ladder and an antibody with two heavy and light protein bands in
one of the four lanes. Two studies were performed, as illustrated in chapter
5. The first study (loading and injection) demonstrated that proteins could
be injected into a small region within the acrylamide gel. The second study
(separation) demonstrated that proteins could be electrophoretically
separated in a thin microfloupon gel and that the microfloupon could be
removed from the lamination stack with the gel and protein undisturbed, and
that fluorescent analysis could be done on the microfloupon directly.

For both studies, prior to the experiments, the microfloupons were stacked
and sandwiched between the plastic enclosures. The top and bottom
reservoirs and channels were filled with 1 x SDS buffer (pH 8.3), taking care
to avoid formation of bubbles. For the bottom enclosure, a syringe was used
to fill the enclosed channel and cavity through a small hole in the side. This

hole was also used to insert a bottom platinum electrode wire. Electrodes
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were connected to a high voltage power supply HP6209B (Hewlett-Packard,

Palo Alto, CA).

-330V -330V -330V

Running gel

Waste gel

oV

Protein in top reservoir Protein after loading

Figure 22 Basic procedure for loading study. Labeled protein sample was loaded into
reservoir above gel. After electric field was applied, protein sample was allowed to
electrophoretically migrate into the running gel.

ov float float float -100V

N — Running gel

Waste gel

float

Proteins after separation

Figure 23 After loading, running gel and waste gel were imaged for proteins. Drawings are
for illustration only. Components are not to scale, and gel thicknesses have been
exaggerated for clarity.
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The first study looked at the protein loading and injection and is illustrated in
figure 25 in chapter5. For this study, 10ng Alexa Fluor® 532 labeled goat
anti-rabbit IgG(H & L) protein was added to 200 uL of running buffer in the
top reservoir. Alexa Flour® 532 is a bright yellow dye with excitation range
between 420nm-595nm and emission between 520nm-676nm where the

peak of excitation is at 555nm as it is shown in figure 23.
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Figure 24 Fluorescence EX/Em spectra of Alexa Fluor® 532 in pH 7.2 buffer.
http://www.lifetechnologies.com/order/catalog/product/A20001

Platinum electrode was placed in the reservoir, as well as two electrodes in
the side openings for field shaping purposes. -330 V was applied to the top
electrodes with respect to the bottom ground electrode. The electric field
was applied for 2 min, 6 min, 8 min, and 12 min allowing the proteins to
electro-migrate into the gel layer. After each experiment, the gel

microfloupon was removed, and then imaged under an Olympus IX71
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inverted microscope equipped with fluorescein isothiocyanate (FITC Ex
(494nm)-Em (518 nm)) filter.

In addition, the gel was cut under the microscope where the proteins were
imaged using a surgical blade to reveal the cross section of the gel where
the migration of the protein was expected. The gel was sandwiched between
plastic blocks and turned up for imaging under the same microscope. This
procedure allowed cross sectional images to be taken. Together the images
indicated the ability of this system to focus proteins into a small plug
suitable for electrophoretic separation.

To determine if the loading and injection process was efficient, the same
imaging procedure was performed for the waste gel to determine how much
of the protein passed through the membrane and left the main gel.
Presumably, after some time, proteins may have migrated out of the running
gel and passed through the track-etched membrane, thereby reducing the
loading efficiency in the running gel. However, those proteins should be
trapped within the acrylamide waste gel that was below the membrane,
allowing them to be imaged.

In addition, after each experiment, the fluid in the injection reservoir was
removed and analyzed for remaining protein. To do this, nitrocellulose (NC)
blotting membrane along with filter papers were soaked in Tris-buffered
saline and Tween-20 (TBS-T) solution and placed in a Bio-Rad 96 well bio-

dot apparatus (microfiltration vacuum blotting device). The apparatus was
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sealed using vacuum pressure. As a control, a 10 ng protein sample diluted
in 200 uL running buffer was dispensed into one well of the bio-dot
apparatus. The liquid samples collected from each experiment were similarly
transferred, and all wells were washed with TBS-T solution to ensure that all
of the protein in the sample was adsorbed on to the NC membrane. Using
vacuum, the liquid contents of the wells was filtered through the NC and the
wash repeated three times. The NC membrane was then air-dried in the dark
and imaged using a fluorescent microscope (Olympus IX71) to quantitate
the amount of protein sample left in the injection reservoir during the
loading and injection steps. To account for background noise, the signal
derived from an image of a well with no protein sample was subtracted from
all of the results, including the control.

The second study examined protein separation and imaging. This proceeded
in the same manner as the first study, except that after loading for 12
minutes, the electrodes were moved from the injection and the two site
reservoirs and were connected to the ends reservoirs of the device, and the.
At this time, -100 V, which was imperially determined, was applied between
the first electrode and the second electrode. This initiated electrophoretic
migration along the length of the running gel. To do this test, a separation
experiment was performed using a "“ladder” containing 7 fluorescently
tagged proteins ranging in size from 12kDa to 155kDa. The protein ladder

was tagged with Alexa Fluor 488®. Alexa Fluor® 488 dye is a bright, green-
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fluorescent dye with excitation ideally suited to the 488 nm laser line with
the maximum of the dye at 493nm and maximum emission at 516nm as it is

shown in figure 25.
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Figure 25. Fluorescence Ex/Em spectra of Alexa Fluor® 488 in pH 7.2 buffer
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Chapter 5

Results and Discussion

5.1 Protein Loading And Injection Efficiency

Injection experiments were performed for 2, 6, 8, and 12 min using 10ng of
protein in each experiment. The following experiments were performed using
Alexa Fluor 532 goat Anit-rabbit IgG with two heavy and light protein bands.
A constant voltage of -330 V was applied to force the negatively charged
proteins into the gel, and the current consumption was monitored during the
injection and separation experiments. The highest power consumption was
67.4 mW and it dropped to 33.7 mW after 12 min. Heating effects were not
observed during the trials. Figure 26 shows the imaging results from the
loading and injection study.

Cross-sectional images in figure 26 clearly show the movement of the
proteins into the running gel, with the highest concentration starting at the
top and advancing to the bottom of the gel over time. During injection, the
protein front appeared to move in a well-behaved manner, consistent with
the known electric field geometry. One can see that the plug shape matches
the expected shape from the electric field simulations, as shown in figure 18
in chapter 3. Furthermore, at long injection time (30 min) the proteins

appeared to pile up on the membrane at the bottom of the gel. To generate
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figure 26, several tests were performed and the result of each test was
captured separately and then the images were stitched together using
computer software tools to acquire one image comprising top and side view
result of each experiment. Refer to chapter 4 for more details on the method
of data collection.

After running several tests, we came to the conclusion that most of the
protein was driven out of the loading reservoir and into the polyacrylamide
gel-paper microfloupon. Results of analysis of the reservoir solution are
shown in figure 28. By 8 min, very little of the loaded protein could be
detected in the reservoir by quantitation of filtration adsorption (figure 28,
lower panel), suggesting that most of the proteins had left the solution.

The system relied on the use of a track-etched membrane to block proteins
at the surface, while simultaneously allowing current and ions to pass
through. However, since the pores were 15 nm, it is possible that proteins
(which are typically smaller than this), would not be stopped by the
membrane but rather pass through the pores. Some blocking of the proteins
may be expected since the track-etched membrane (polycarbonate
membranes) are negatively charged.!?®* A 29% polyacrylamide gel
microfloupon was prepared by adjusting the concentration of acrylamide
solution and using the standard protocol and using the same exact method
as described in chapter 4. This microfloupon placed under the track-etched

membrane microfloupon to monitor the behavior of the proteins and to
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capture proteins that passed through the membrane. Figure 29 shows the
results of imaging of these gels after different injection times. After 8 min of
injection, the proteins can be seen in the gel indicating that a small amount
of proteins had indeed passed through the membrane. Thus, while the track
etched membranes may have been effective and slowing down the rate of
protein loss, they did allow a small fraction of proteins to pass through.
Therefore future assays that wish to use this strategy would need to use
smaller pore membranes, other ionic membranes, or use careful timing of

the injection step to ensure efficient injection of the proteins into the gel.

Top image of running gel

Figure 26. Imaging of protein sample after loading and injection into the running gel. The
running gel microfloupon as removed from the stack and imaged after each experiment.
Cross sectional images were obtained by cutting the protein gel and imaging the side
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Figure 27. Comparison of finite element analysis of field lines (taken from figure 3) with
cross sectional image of proteins during injection. The experimental results indicate the field
shaping causes the proteins to pinch together in the gel. Also shown is an image taken after
30 minutes of injection. In this case, most of the protein migrated to the bottom of the gel.

Control 2 min ' ' ' Background
.
Control 60% 60% 90% 90% Background

Figure 28. Analysis of fluid remaining in reservoir after loading into running gel. Most of the
proteins are missing from the reservoir after 8 minutes of injection (imaging is close to
background). These results are qualitative, but indicate that the electromigration of proteins
out of the well is efficient
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Top image of waste gel

Cross section image

Figure 29. Imaging of waste gel (under track-etched membrane) after loading and
injection into the running gel. The waste gel microfloupon was removed from the stack and
imaged after each experiment. Cross sectional image was obtained by cutting the protein
gel and imaging the side. After 8 minutes, some protein was seen to pass through the
membrane into the gel below.

5.2 Protein Separation Analysis

The second study looked at the ability for a microfloupon system to perform
a protein separation and to image the proteins in their microfloupon, out of
the device. A 500 nl protein sample was loaded into the injection reservoir
and injected for 12 min using the method described. Then the voltages on
the electrodes were changed, switching the direction of electric field to the
horizontal direction, resulting in electrophoresis of the sample. In addition,
the voltage was decreased to -100V since higher voltages would have
resulted in a very rapid separation and would have caused in lower
resolution. During the separation mode, the anode and cathode electrodes

were connected to wide conductive paths at each end (figure 28). This
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feature, combined with the symmetric and parallel design of the gel lanes,
resulted in parallel electric fields along the length of the gel microfloupon,
despite the fact that the gel lanes have higher conductivity than the gel filled
paper. This was confirmed with full 3D analysis of the electric fields. Thus,
no cross-talk in the current between lanes was expected. To proof this fact,
a set of tests were run in which two injection reservoirs were filled with the
running buffer and 500nL of Alexa Fluor 532 goat-anti rabbit IgG containing
10ng of protein samples were injected in the reservoirs. Then, the
microfloupon was taken out of the device and imaged under the microscope.
The same size spot were observed on the microfloupon as it is shown in
bottom of figure 30. Then the microfloupon was placed back into the device
and electrophoresis was performed which showed a parallel field lines as it is
shown in the top of figure 30.

The electrophoresis was run for 3 min. After electrophoresis, the running gel
microfloupon was removed from the stack and imaged using an inverting
microscope. Two sets of experiments were run. One with the Alexa Fluor 532
goat anti-rabbit IgG which contained bands of heavy and light chains at 50
and 25KDa and one experiments with BenchMark ladder with 7 protein
bands varying from 155 to 12kDa. The first one was imaged directly under
the microscope. However, since the microscope field of view was not wide
enough to capture all the protein samples in a single image, in the

BenchMark ladder experiment, the microfloupon was imaged at different
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points and the images were merged. Figure 31 shows the 7 protein bands of
the known standards, indicating that proteins as small as 12 kDa can be
collected on the membrane and separated along the gel of the microfloupon,
using the SDS-PAGE microfloupon device.

All seven protein bands were clearly identified in the gel, indicating that the
system was well behaved and that the protein separation worked according
to expectations. Moreover, since the microfloupon was readily removed from
the device, it could be readily imaged using conventional imaging tools such
as a fluorescent microscope. The gel microfloupon was easy to handle and
was not torn or distorted during disassembly or transport, despite being
approximately 300 Im thin. For example, the gel microfloupon containing the
proteins could be placed on a blotting device, if desired, or placed in a high

sensitivity imager.
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400 um

Figure 30. Top . Top view of two bands of Alexa Fluor 532 Goat anti-rabbit IgG after 3
minutes of separation containing 25kDa and 50kDa. Bottom: two lane protein injection and
protein separation indicating no cross-talk between the lanes.
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Figure 31. Imaging of running gel after separation experiment. All seven bands of the
protein ladder are visibly separated in the gel. The intensity of the small proteins appears
lower than the other proteins which may be an indication that the smaller proteins are
leaking through the track etched membrane, and being depleted from the injection plug.

5.3 Conclusion

In this study, we demonstrated the development and utility of a general-
purpose laminate technology that utilizes microfluidic coupons to integrate
multiple materials and technologies together into a small platform for doing
micro-scale assays. The microfloupons are manufactured separately, then
laminated together to form a final integrated device that can perform a
bioassay on a small size scale. In this work, our microfloupons were made
from gel and paper, silicone and

rubber, track-etched membrane,

photosensitive polymer, resulting in low cost laminates with high

functionality. We demonstrated this technology for a gel-based application
(gel electrophoresis). Gels are typically difficult to integrate into microfluidic

devices, and layer-to- layer functionality is particularly difficult. However,
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with the microfloupon approach, gels are readily integrated, and
functionality between layers (such as use of apertures, electrical vias,
filtration) is readily included.

The application described in this paper was for injecting and separating
proteins in a gel, following the SDS-PAGE protocol. Injection was
accomplished through the use of shaping electric fields, apertures built into
the microfloupons, and a nanoporous membrane built into a microfloupon.
We demonstrated that 10 ng of protein can be collected into a small plug in
the microfloupon with reasonable efficiency. We used a track-etched
membrane, which slowed down the protein transport in the gel, but
ultimately did not capture all the proteins. However, it did allow us to
explore the use of protein injection using field shaping and lithographic
patterning of apertures, such as the use of a 100 Im aperture patterned
directly on the track-etched membrane. Future versions of this strategy
should use membranes with smaller pore sizes, or use ionic membranes
such as dialysis membranes—both of which are hard to integrate into
conventional microfluidics, but easy to incorporate into a microfloupon stack.
By changing the direction of the electric fields, we demonstrated that
injection could be followed by electrophoretic separation of the proteins, with
protein masses ranging from 25kDa to 50kDa in one experiment and 12 kDa
to 155 kDa. The gel microfloupon was easily removed, handled, and

transported to another sys- tem for imaging. If desired, this gel
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microfloupon could be placed in a second cassette for electroblotting,
suggesting that this system can be designed for a full Western analysis with
small protein samples. A major benefit of the microfloupon approach is that
different technologies can be combined together as needed to produce an

assay of interest.
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Chapter 6

Microvalve Systems

6.1 Introduction

Microvalves, which have proven to be important components in current
microfluidic technology, are widely used in MEMS applications and are very
useful in fluidic manipulation and delivery. The challenging requirements for
microvalves have been to reduce the overall size, leakage and price while
improving performance and reliability.

One of the driving forces behind designing microvalves in microfluidic
systems has been the transition from single lane microfluidic devices to
advanced sophisticated parallel multistep operational process. Consequently,
precise controlling of fluid flow and successfully manipulating the flow in
microchannels is an essential part of the operation. Therefore, integration of
microvalves and micropumps on Lab-On-a-Chip devices is of major interest.
Development of precise and reliable microvalve would be an important step
to achieve this goal. However, from a practical solution standpoint, the
successful miniaturization and commercialization of fully integrated
microfluidic systems have been delayed due to the lack of reliable
microfluidic components, i.e., micropumps and microvalves and the lack of

reliable mass production methods which has left the prototype microvalves
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and micropumps in the research labs. Therefore there is a need to address
the above challenge and that was the deriving force behind this part of the
research to be able to demonstrate a microvalve using microfloupon
technology.

A variety of microvalves have been developed for on-chip fluidic
manipulation and control. Most microvalves found today roughly fall into one
of two major categories: passive microvalves, using mechanical and non-
mechanical moving parts and active microvalves, using mechanical and non-
mechanical moving parts, as well as external systems. A passive microvalve
is often a check valve or a capillary valve that allows fluid flow in a forward

121-123 These

direction while preventing the flow in the reverse direction
passive valves are often used in micro-pump applications and route fluid
flow in the desired direction, but lack the ability to precisely control flow
rate. Active microvalves are composed of a flow channel, a membrane or
flexure, and an actuator; there are no actuator components in passive
microvalves. Active microvalves can be categorized into three groups based
on their actuation method. Traditionally, (1) mechanical active microvalves

are accomplished using the MEMS-based bulk or surface micromachining
technologies, where mechanically movable membranes are coupled to
magnetic, electric, piezoelectric or thermal actuation methods. (2)

mechanical active microvalves can be operated by the use of smart or

intelligent materials. These non-mechanical active microvalves may hold
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movable membranes, which are, however, actuated due to their
functionalized smart materials such as phase change or rheological
materials. In addition, (3) external active microvalves are actuated by the
aid of external systems such as built-in modular or pneumatic means.
Additionally, based on their initial mode, microvalves can be divided into
normally open, normally closed and bistable microvalves.!?*

Based on the actuation method, microvalves can handle different pressure
range and different time response

As far as the materials and methods of microvalves go, borrowing
micromachining techniques from semiconductor industry, the first
microvalves were built on silicon!?>12%, Later due to the biocompatibility of
silicon with biological assays, devices were made mostly in glass and
polymers. A variety of microvalves and micropumps have been
demonstrated using polymers, and glass-silicon. In the next section, the

mechanisms for actuation of active microvalves is explained and discussed.

6.2 Active Valves Actuation Methods

Active valves are critical components of a microfluidic system in controlling
the fluid flow. The active microvalves usually incorporate a moving

membrane to open and close the valve. These microvalves have employed

127-129 130-133
!

several actuation methods including pneumatic , Ppiezoelectric

electromagnetic®**7137 thermal'*®1%°, and other actuation methods*#* 144,
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For characterization of microvalves, a few specifications are always
considered. The major specification bases for microvalves are leakage, valve
capacity, power consumption, closing force (pressure range), temperature
range, response time, reliability, biocompatibility, and chemical
compatibility.

The leakage ratio Lvawe is defined as the ratio between the flow rate of the
closed state Q° closed and of the fully open state Q  open at a constant inlet

pressure:

Q' closed

Eq. (5) Lva|ve: Q Open

Additionally, based on their initial mode, microvalves can be divided into
normally open, normally closed and bistable microvalves.
Figure 32 illustrates several methods of active microvalve actuation, which

are explained in the subsequent sections.
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Figure 32. Illustrations of actuation principles of active microvalves with mechanical
moving parts: (a) electromagnetic; (b) electrostatic; (c) piezoelectric; (d ) bimetallic; (e)
thermopneumatic and (f ) shape memory alloy actuation.'?*

6.2.1 Pneumatic Actuation

Pneumatic microvalves are the most common and simplest kind of valves in
which the air pressure usually provides the force for actuation of the
membrane, which means this technique, requires external precise air
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pressure and vacuum, making the devise operation bulky. The response time
of pneumatic valve depends on external switching which are much slower
than the microvalve itself and because of large external supply systems the
response time is in the order of several hundred milliseconds to several

seconds.

Figure 33. Illustration of a pneumatic actuation of a microvalve where an external
pressure controls the movement of the membrane to open and close the microvalve.

6.2.2 Thermal Actuation

As the name calls for, thermal actuation is a method in which the thermal
heat energy is converted to mechanical movement causing displacement of
the membrane. Among the microvalves, thermo-pneumatic, and shape
memory alloy actuations use thermal properties of materials to generate
displacements. These actuation schemes generally produce a considerable

amount of force while simultaneously achieving large strokes.
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Thermo-pneumatic microvalves are operated by volumetric thermal
expansion or phase-change phenomena coupled to membrane deflection.
Thermo-pneumatic actuators use a combination of thermal and pneumatic
techniques to provide the force for the membrane actuation, which depends
on high temperature operation and an external pneumatic device. The
actuation method can provide relatively large deflection. However, this type
of valve typically has a longer response time and the fabrication process is
often complicated due to the necessity to fill the chamber with fluid and to
provide a hermetic seal. Takao et al. employed PDMS as a diaphragm
material for a long stroke actuation in microvalve operation and high sealing
performance.*® At 50kPa inlet pressure, a micro-heater power of 100 mW
was required to cut-off the flow, and a flow-rate of 17 mL/min was achieved
when fully open. The transient time necessary to open the valve was about
23 s and the transient time necessary to close the valve was 1.5 s. Rich et
al. also developed a high-flow thermopneumatic microvalve, which is
constructed from a three-wafer stack with a corrugated diaphragm.!*® In
general, thermal actuation schemes can provide large force to withstand
large pressure but as they require current for heating elements, these
methods have relatively high power consumption, and generally have slow
response time

Memory alloy microvalve actuation is a less popular method of microvalve

actuation for liquid controlling and more popular for gas handling. The
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operation principle of the microvalves is based on the use of a SMA micro-
device for deflection control of a membrane, which thus opens or closes the
valve port. The valves are designed for operation in a normally open
condition, where the pressure acts as a biasing force against the actuation
force generated by the SMA device. Kohl et al. were able to actuate a gas
microvalve in a normally open state and allow control pressure differences

below 2500 hPa at gas flows below 360 standard ccm.*®

6.2.3 Electrostatic Actuation

In this method, by using the electric field, an electrode membrane is
actuated. Electrostatic microvalves often require relatively high applied
voltages (> 100 V) to generate sufficient force to open and close the valves
against even a modest pressure (1 kPa), since the electrostatic force is
inversely proportional to the square of the gap between the electrodes. The
electrostatic force generated between two conductors depends on the

separation distance (d) and the applied voltage (V):

0E _  1leA

Eq. (6) F = a— > 12

where € is the electric permittivity, and A is the overlap area of the two
parallel plates. Assuming the actuation voltage stays constant, the

electrostatic force F == [D°]. This indicates the force is independent of the

characteristic length, D, and would become a dominant force in micro-
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domain. However, unless the separation distance is very small, the force is
generally small. In general, electrostatic actuation is adequate for the low
force and energy density requirements and has been used successfully in
many MEMS applications. Nonetheless, in some cases, this small
displacement may hinder the microvalve performance by limiting flow rate,
and to obtain significant forces, large form factors maybe required.

Similar to memory alloy microvalve, most electrostatic microvalves have
been employed for gas flow regulations rather than liquid flow controls due
to electrolysis of liquids at high voltages. However, some researchers have
been able to use touch-mode capacitance to close the valve in a modest
voltage range of around 50V.!*"*® A touch-mode actuator consists of a
flexible membrane and a fixed electrode. The membrane starts out touching
the fixed electrode at one side of the membrane. When a voltage is applied,
a zipping action is created that pulls the membrane onto the rest of the
electrode. An advantage of a touch-mode capacitance actuator is that the
electrostatic force can be maintained or increased by using the zipping
action, even though the initial gap between electrodes is larger than the one

of a typical electrostatic actuator.

6.2.4 Piezoelectric Actuation

In piezoelectric microvalve, the electrical energy is directly converted to

linear motion. Certain crystals have the ability to produce a mechanical
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deformation by a change in the electrical polarization of the crystal. This is
called piezoelectricity. This effect has been widely used in microvalve and
micropump fabrication, because it can generate large force. There are
several commercially available MEMS-based micropumps based on these
piezoelectric principles (from thinXXS Microtechnology, Zweibrucken,
Germany and Star Micronics, Shizuoka, Japan). One of the earliest works on
fabrication of piezoelectric microvalves was presented by Esashi et al'?®. The
valve is constructed from silicon mesa suspended with a flexible silicon
diaphragm pressing against a glass plate by a stack piezo-actuator with
dimensions of 3x1.4x9 mm3. The valve is capable of modulating a gas flow
from 0.1 to 85 mL/min with 73.5kPa inlet pressure in less than 2 ms
response time. Although large force is available using piezoelectric actuators,
large stroke is a challenging issue even for large voltages. This issue has
been compensated through the use of hydraulic amplification and piezo

bimorph or stacked piezoelectric disks.

6.2.5 Electromagnetic Actuation

Electromagnetic actuation utilizes the force generated between interactions
of current-carrying conductors and a magnetic field. According to the Lorentz
force law, the electromagnetic force acting on a test charge is represented

as.
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Eq. (6) F=qvxB

Where q is the electrical charge of the particle, v is the velocity of the
particle, and B is the magnetic field. The main advantage of magnetic
actuation is the ability to create a relatively large force and thus large
deflections with low driving voltages. However, this force does not scale
favorably in the micro-domain. Electromagnetic actuators, unlike the other
types, operate under low voltage and low power consumption. In this type of

valves, the change in the magnetic flux density in the displacement direction
dB,/dz provides the actuation force (F;). The electromagnetic field can

originate from an electromagnetic coil, a permanent magnet or combinations
of the two. Since an electromagnetic drive can apply force over a
comparatively long range and can easily control conductive fluid, it would be
useful in many applications.

One of the first active micro-machined valves was reported by Terry et al. in
1979, to be used in an integrated gas chromatography system.!*® The valve
consists of an etched silicon orifice, a nickel diaphragm, and a solenoid
actuator and plunger assembly. When the solenoid was energized, the
plunger was pulled, allowing the diaphragm to relax and gas to flow. Other
examples of works in magnetically actuated microvalves have been
explained.3%136141 Most of the designed valve have been manufactured in

silicon. The fabrication techniques for these microvalves are complicated,
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require cleanroom facilities and are expensive to manufacture which means
they can’t be scalable. In addition they require continuous current
consumption. The process that will be explained in the following chapters are
the process of making a microvalve that is electromagnetically actuated and
has the capability to latch up and down. Using a bistable technique can
reduce the energy consumption of the electromagnetic microvalve. In
addition, since the effective range of electromagnetic forces is comparatively
long, the valve driver can be located outside the fluid flow being controlled.
This also relieves the driver of restrictions on its coil dimension, which would
normally apply if the driver were integrated with the valve

In the systems where latching and unlatching is not present, a continuous
current consumption can raise the temperature at the valve operating point
causing heat and degradation of the sample. A few groups have successfully
made electromagnetic actuated microvalves with latching/unlatching

134150 “nevertheless, to our knowledge no groups has attempted to

systems
make a microvalve in paper with actual channels using conventional lab

equipment and tools making a scalable manufacturing process.
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Chapter 7

uFloupon Technology in Microvalve System

7.1 Concept and Design:

Figure 34 shows a schematic design representing the paper microvalve. The
microvalve was constructed using five main microfloupon layers all made out
of paper-PDMS. To actuate the microvalve we chose to use electromagnetic
actuation method. This actuation scheme was the best option for this design
since other actuation methods did not satisfy our requirements. With
pneumatic actuation, although simple, there needs to be an external channel
to change the pressure externally and the design required having no need
for external pressure system. As far as thermal actuation goes, nearby
heater fabrication can introduce unwanted parasitic heat want to raise the
temperature, so to avoid any complication caused by heat in the channels
where reagents and solutions are present, any actuation methods that would
cause overheating were not considered. SMA actuation also needs high
temperature and also consumes high power usage. An electromagnetically
driven microvalve can be designed to provide large force and stroke but this
method might require relatively large power. To overcome this challenge, a
latching method was incorporated in the design to avoid continuous flow of
current and to actuate the valve with just a pulse where the membrane will

be in a closed or open state. The design involved incorporating different
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microfloupon layers each composed from different materials as it is shown in

figure 34.
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Figure 34. A simplified model of electromagnetically bistable microvalve
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Total of three major microfloupons were designed and fabricated separately
using different materials and techniques and then combined to make the
whole system: electronics microfloupon, membrane microfloupon, and fluidic

microfloupon.

Closed Position Open Position
Micro channel
- 4 Nickel Ringk

Spacer ~_ PDMS Thin mfm?r%n% Spacer
Eopac e ~——~Magne /

micro-coil

Figure 35. Side view of the microvalve. left: Valve in the closed state latched up using a
nickel ring. Right: Valve in the open state latched down using an Iron core.

By applying voltage and controlling the direction of the current, the
membrane was triggered to move vertically opening and closing the
microvalve. When the valve is electromagnetically actuated, the membrane
moves up or down latching to the top and the bottom. This has become
possible by attaching a micro magnet to the membrane. A micro core is
attached inside the coil. As the coil is actuated, the current induced in the
coil creates a magnetic field. This field at one point moves the magnet
towards the coil while at the opposite direction of current it moves the

magnet away from the coil. As it moves away from the coil, it gets attracted
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to the nickel ring causing the magnet and as a result the membrane to close
the channel. As the current direction changes by a switching mechanism, the
magnetic force from the coil attracts the magnet causing it to move down
and attaches to the Iron core and stays latched down.

In the next sections the fabrication process and the function of each

microfloupon is explained.

7.2 uFloupon Fabrication

In the final design, a total of three microvalves were incorporated. The
following manufacturing sections are based on the final design of the three

microvalves system.

7.2.1 Electronics microfloupon

All the layers were designed in Adobe Illustrator first in able to align them
perfectly at the assembly time. Electronics microfloupon is composed of a
PCB board, a micro-coil, Iron core and the connection cables. To
manufacture the PCB board, first the Adobe Illustrator file was transferred to
Eagle CAD software. Figure36 top shows the final schematic of the PCB
board. Three signal paths and one ground path was generated next to where
the micro-coil opening was. After drawing the board, the board was sent to
an outside vendor, smartprototyping.com to get manufactured. The final

product is shown in figure 35 bottom. The thickness of the board was chosen
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to be 500um, however, later the empirical value for the thickness turned out
to be 1 mm. This thickness was accomplished by stacking two boards on top

of each other.

Bottom View from the bottom

Alignment hole

Signal

GND
Coil opening

Markers

Alignment hole

Signal —=

GND — |8
Coil opening —{liiis

Markers

Figure 36. Top. Schematic of the PCB board in eagle CAD software. Bottom: Final PCB
board with 500um thickness. The design included three holes for incorporating micro-coils
and also an opening on the right for reaction chamber.
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To fabricate the micro-coil an in-house coiling machine was employed. The
wire thickness was chosen to be 78um with 200 turns. After manufacturing
the dimension of the coil was measured to be 3.5mm diameter and 1.5mm
height. The diameters of holes in the PCB boards were designed to match
the diameter of the coils. One hole with diameter of 5mm was designed to
give a full view of the reaction chamber. Iron cores were manufactured by
an outside vendor to match the coils inside dimension and height and were
placed inside the coils. Super glue was used to secure the cores inside the
coils and then the coils were adhered to the board. Each two ends of the
coils were stripped carefully using flux and the coils were soldered to enable
the electrical connection. The resistances of the coils were measured to be

around 6.5Q.

Figure 37. Image comparison between the different components of the microvalve and a
penny. From left to right: micro-coil, Iron core, nickel ring, and micro magnet.
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7.2.2 Membrane uFloupon

To actuate the valve properly, a thin flexible membrane was needed. To
fabricate the thin membrane with thickness around 50-70um, a unique
manufacturing technique was invented and utilized. Since the goal was to
able to move the membrane in and out of the system to assemble and
dissemble the valve, only using thin PDMS membranes was not suitable. For
this reason, a hybrid of paper and PDMS was chosen to be able to carry the
membrane around.

First, a thin sheet of paper with the thickness of 30um was patterned using
CO2 laser cutting machinery. The pattern was drawn in Adobe Illustrator.
This pattern included 3 circular windows with diameter of 3.5mm and 4
alignment holes for future assembly. To be able to cut the paper without
burning the paper, the lowest setting on the laser cutting machinery was
chosen.

After cutting the paper, a mixture of PDMS (1:10) ratio was prepared and
degassed for 10 minutes. Meanwhile, a polymer surface was treated with
soap and air-dried untouched in order not to remove any of the solvent from
the surface to facilitate the release of membrane at the assembly time. After
degassing PDMS, around 5g of PDMS was dispensed over the paper and the
PDMS was pushed and distributed inside the paper to impregnate the paper
entirely. The excess PDMS was removed from the top of the paper and the

paper is degassed for another 10 minutes. Then, the paper-PDMS was
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placed on the treated surface. The membrane was then carefully covered
with another treated surface and the remaining air bubbles were pushed out.
A Weight was placed on top of the sandwiched paper and it was placed
under the pressing machine for a couple of hours. The sandwich was then
taken out and placed in a 40°C oven over night to polymerize and set. After
polymerization of PDMS, the sandwich was opened and the top layer was
removed.

Gold-coated magnets with 500um thickness and 1mm diameter were
secured to a 50um paper with super glue and then the paper was manually
cut carefully around the magnets. Then, the magnet-papers were placed in
the middle of each PDMS circle with a drop of uncured PDMS. Then the
combination was again placed back in the 40°C oven for a few hours for the
PDMS to cure where PDMS was acting as a glue to bond the paper to PDMS
irreversibly. The paper acted as a facilitator to bond the magnet securely to
the PDMS membrane. This technique was created since the hydrophobicity
of PDMS doesn’t allow any material to bond to it. Figure38 shows the
process of bonding the magnet to the PDMS membrane. As it is shown, it is
difficult to cut the paper around the magnet perfectly if it is done manually.
This process can be improved in the future by using machinery to cut the
paper automatically.

At the end, this process resulted in a PDMS membrane that could be

actuated electromagnetically. This process was unique in a sense that the
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solution would not be in direct contact with magnet at any time and would
not be contaminated by metal. In this case, gold-coated magnets were used,

but one can use any type of material without any solution contamination.

_

Bonded magnets to a 50um thick paper u

sing super glue

r. Il

Bonded the paper side to the
center of circles with PDMS

L 500u

Cut around the paper using a razor blade

Figure 38. Process of bonding the micro magnet to the PDMS membrane. I. micro magnets
are attached to a 50um paper. II. The paper is cut around the magnet manually with a razor
blade. III. The magnets with paper are bonded to the PDMS membrane by using uncured
PDMS and curing it to create the bond.

7.2.3 Fluidic pFloupon

The fluidic microfloupon can be made using paper-PDMS or using other
polymers such as PMMA. In our experiments, we used PMMA to be able to
characterize the valve and to visually be able to monitor the function of the

device.
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To fabricate the fluidic layer, first the design was drawn on Adobe Illustrator
and then it was exported to Eagle CAD where we were able to use the
program to generate the G-Code to use with CNC machinery.

After generating the G-Code, two 500um thick PMMA sheets where used to
make each layers. One layer was made to hold the nickel ring and the
access holes, one layer to make the micro channels. After fabricating the two
layers, each layer was carefully cleaned with isopropanol and air-dried. The
two layer were then bonded together permanently with isopropanol, heat
and pressing machine as it was described in earlier chapters.

The nickel rings were electroformed following standard nickel electroplating
technique. SU8 negative photoresist was used to make a positive mold on
copper substrate. A 270um layer of photoresist was hot laminated on the
copper and patterned by photolithography in the lab. Next nickel was
electroplated inside the mold, starting from the copper substrate. The mold
was immersed in TECHNI NICKEL HT-2 Nickel-plating solution from Technic
Inc. The mold served as the cathode while a rod of nickel was used for the
anode. The solution temperature was controlled at 50 °C and it was
mechanically agitated by blowing nitrogen gas into the solution. The
mechanical agitation is important to remove bubbles forming at the nickel
deposition sites, which otherwise would affect the quality of the
electroformed surface. Pulsated current was supplied to the electrodes with

pulse amplitude of 10 mA, pulse width of 350ms and off time of 50ms
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between pulses. The plating period was 12 hours. The electroformed nickel
rings were mechanically released from their mold for further integration with
the microfloupon microvalve system.

The nickel rings were placed in the ring holders of PMMA layer and bonded to
the board using super glue. Figure39 shows the nickel rings and the final

results of fluidic microfloupon.

Figure 39. Left: fluidic microfloupon layer containing the rings and micro-channels. Right:
Electroplated Nickel rings

7.3 Microvalve Assembly And Automation/Control

As discussed earlier, all the major microfloupons were fabricated separately.
To assemble the device, the microfloupon layers were aligned and the
corresponding microfloupons were stacked from bottom to top. electronics,

membrane, and fluidic microfloupons on top of each other. PDMS spacers
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were placed on each side of the membrane to act as a gasket. The
hydrophobic surfaces of fully cured PDMS form an easily reversible seal and
assure a leakage-free device. Figure40 demonstrate the assembled total
microvalve system from the top and from the bottom view. This system is
another example of microfloupon system where different materials and
techniques were used to make each microfloupon separately and then easily

assembled at the final step.

Figure 40. Assembled microfloupon valve system from the top and bottom view.

Top reservoirs were made separately using laser cutting machinery and were
bonded to the top fluidic microfloupon using 5-minute epoxy.

In addition, to enforce the seal between the layers and to avoid any leakage
a housing was made for the device using CNC machinery. The housing
material was chosen to be PMMA since this material is easy to work with and
is transparent. Using screws at different locations, the system can have

equal pressure or different pressure at each point as the user desired to
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avoid any leakage. The final device under test is shown in figure4l. Tubes
were added to the system at each access point after de device was placed in

the housing for further testing the device.

Figure 41. Microfloupon valve system in the housing case.

In order to automate switching between the microvalves, a computer-
controlled system was designed. In order to control the microvalves, a
microcontroller system was required. For this project, Arduino board along
with solid state switches were utilized. Arduino software doesn’t contain any
graphical user interface. Therefore, to make the user interface, another
programing language was needed. Processing software was chosen and
utilized to interact with the user through computer screen. The Arduino code
was written as following to send a pulse to open and close the solid state

switch.
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char valueOfserial;
void setup() {
//start serial connection
Serial .begin(9600);
pinMode(2, OUTPUT);
pinMode(3, OUTPUT);
pinMode(4, OUTPUT);
digitalWrite(2, LOW);
digitalWrite(3, LOW);
digitalWrite(4, LOW);
¥
void loop() {
// send data only when you receive data:
if (Serial.available() > 0) {
/ read the incoming byte:
valueOfserial = Serial.read();
¥
if (valueOfserial == 'A"){
digital Write(2, HIGH);
}
if (valueOfserial == 'Z'){
digitalWrite(2, LOW);
¥
if (valueOfserial == 'B"){
digitalWrite(3, HIGH);
¥
if (valueOfserial == "Y"){
digitalWrite(3, LOW);
¥
if (valueOfserial == 'C"){
digitalWrite(4, HIGH)
¥
if (valueOfserial == 'X"){
digital Write(4, LOW);
¥
¥

The processing code was written as following to create six buttons on the
computer screen where the user could press to send the data to Arduino and
from Arduino to the solid state switches where the voltage would be applied

to open and close the microvalves.

Import processing.serial.*;
Serial myPort; // Create object from Serial class
int val; // Data received from the serial port
PFont f;
void setup(){
size (600, 300);
String portName = Serial list()[2];
myPort = new Serial(this, portName, 9600);
println(portName);

}
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void draw(){
background(35,191,222);
fill(100,180,220);
rect(40,50,450,150);
/I Draw first rectangle and check to see if it is clicked then write A to serial port
fill (255,0,0);
rect(80,120,50,25);
if (mouseOverRect1() == true && mousePressed == true) {
myPort.write('A');
delay(1000);
myPort.write('Z');
¥
/I Draw second rectangle and check to see if it is clicked then write B to serial port
fill(35,222 47);
rect(140,120,50,25);
if (mouseOverRect2() == true && mousePressed == true) {
myPort.write('B');
delay(500);
myPort.write('Y'");
¥
// Draw third rectangle and check to see if it is clicked then write C to serial port
fill (255,0,0);
rect(210,120,50,25);
if (mouseOverRect3() == true && mousePressed == true) {
myPort.write('C');
delay(500);
myPort.write('X");
¥
/I Draw forth rectangle and check to see if it is clicked then write D to serial port
fill(35,222 47);
rect(270,120,50,25);
if (mouseOverRect4() == true && mousePressed == true) {
myPort.write('D');
delay(500);
myPort.write('W");
¥
/I Draw fifth rectangle and check to see if it is clicked then write E to serial port
fill (255,0,0);
rect(340,120,50,25);
if (mouseOverRect5() == true && mousePressed == true) {
myPort.write('E');
delay(500);
myPort.write('V');
¥
// Draw fifth rectangle and check to see if it is clicked then write E to serial port
fill(35,222 47);
rect(400,120,50,25);
if (mouseOverRect6() == true && mousePressed == true) {
myPort.write('F'");
delay(500);
myPort.write('U");
¥
f=createFont("Arial",12 true);
textFont(f,12);
fill(0);
text("Valvel",85,100);
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text("close",85,110);
text("Valvel",150,100);
text("open",150,110);
text("Valve2",220,100);
text("close",220,110);
text("Valve2",280,100);
text("open",280,110);
text("Valve3",350,100);
text("close",350,110);
text("Valve3",410,100);
text("open",410,110);
}
boolean mouseOverRect1() {// Test if mouse is over square
return ((mouseX >= 80) && (mouseX<=130) && (mouseY>=120) && (mouseY<=145));

}

boolean mouseOverRect2() {// Test if mouse is over square
return ((mouseX >= 140) && (mouseX<=190) && (mouseY>=120) && (mouseY<=145));

}

boolean mouseOverRect3() {// Test if mouse is over square
return ((mouseX >= 210) && (mouseX<=260) && (mouseY>=120) && (mouseY<=145));

}

boolean mouseOverRect4() {// Test if mouse is over square
return ((mouseX >= 270) && (mouseX<=320) && (mouseY>=120) && (mouseY<=145));

}

boolean mouseOverRect5() {// Test if mouse is over square
return ((mouseX >= 340) && (mouseX<=390) && (mouseY>=120) && (mouseY<=145));

}

boolean mouseOverRect6() {// Test if mouse is over square
return ((mouseX >= 400) && (mouseX<=450) && (mouseY>=120) && (mouseY<=145));

}

~ GUI_for_Arduino_switches

Figure 42. Graphical User Interface for microvalve system using processing.
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7.4 pFloupon Valve Characterization

All the characterization data has been collected based on room-temperature
data and using one valve only. To characterize the valve, the isolation
pressure, breakout pressure, time response and pressure response were
measured. In the following sections, the experimental setup and the results

of each test are reported.

7.4.1 Flow/Leakage Rate vs. Pressure

To measure the flow rate vs. pressure the following tests were setup. The
results were indication of the isolation and breakout pressure as well.

First, relatively large reservoirs were setup at the inlet and outlet of the
microvalve. The reservoir at the inlet was attached to a vertical stand to be
able to move it up and down to change the pressure. Then, colored water
was added to the reservoirs and the tubing and the microvalve to fill out the
whole system. Then carefully a drop of oil was added to the outlet of the
microvalve. The tube at the outlet was marked with units in order to monitor
the movement of the oil drop through the tubing. Then flow rate of the oil
drop was measured at specific pressures. By changing the height of the inlet
reservoir, the pressure was kept as a variable. At each pressure, the
microvalve was switched closed were the isolation rate was measured and

then it was kept open and the flow rate was measured based on how much
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the oil drop has moved through the tube. Figure43 shows the experimental

setup for this test.

Fluid Reservoir

Varying height

Mirovalve i \

IS\
— r /’ /“.‘ E

Power Supply

mnmnu.wumnmmrmmmmuumrmmrmmumu

Movement measurement

Figure 43. Experimental set up for flow rate measurement.

Flow Rate vs. Pressure
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Graph2. Flow rate vs. pressure for an open and closed valve.
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To calculate the pressure at each height, the pressure difference between
the two end reservoirs was measured. This was done simply by using the
following pressure formula:

Eq. (7) AP = p.g.Ah

Where, Pis pressure, p is density, g is acceleration of gravity, and his
height. So, by measuring the height difference, we were able to calculate the
pressure.

To calculate the flow rate of the oil drop, the time it took for the oil drop to
move from one specific point to another was monitored Then the volume of
that section in which the oil drop was move through was calculated and
divided by the measured time. This gave the flow rate measuring in uL/s and
then the data was graphed which is shown for a closed and open valve on
graph2. It is shown that above 3.5kPa the valve would break open and the
seal between the magnet and the nickel ring would break. Since this valve is
designed for simple lab tests, this pressure is sufficient for low-pressure lab
applications where the concern is mostly to control the fluidic flow at low

pressure.

7.4.2 Time Response

To measure the dynamic response of the microvalve, an oscilloscope and a pulse generator were
utilized. The test set up for this test is shown in figure 44. In this test set up the pressure was

kept constant at 900Pa and the time response of the valve was measured by varying pulses.
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Since the valve incorporates latching mechanism, just single pulses are sufficient to activate the

valve making this valve as an attractive valve for low power application.

Fluid Reservoir

Power Supply |

JL

Pulse Generator

Oscilloscope

Mirovalve

Figure 44. Microvalve time response test setup using an oscilloscope and a pulse
generator.

To measure the time response, a predetermined pulse was sent to the
microvalve while monitoring the activity of the microvalve under the
microscope. The microvalve was able to successfully open and close as fast
as 6 ms by applying 611mA of current. The functionality of the valve was
also tested for the threshold of the current. The valve was functional with
150ms of response time as low as 222mA of current. Below this threshold
the valve was not functional anymore. The time response data was collected

vs. current and plotted as it is shown on graph3.
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Graph3. Threshold response time vs. current at 900Pa.

As a result, the valve power consumption was calculated. At 6ms , the valve
consumed 25.8W while at 150ms consumed 9.38W. These numbers make
for a sufficient valve for high-speed switching applications as well as low-

power applications.

7.5 Conclusion

The above work demonstrated the design, microfabrication and testing of a
novel low-cost easy to manufacture high-speed bistable electromagnetically
actuated microvalve. This shows another application of coupon-based
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approach “ microfloupons”*°?

where each layer was made out of different
materials from paper impregnated with Polydimethylsiloxane (PDMS) to PCB
board, and PMMA material using conventional manufacturing techniques
which are Ilaminated together. All the Ilayers of the system were
manufactured separately and stacked on top of each other to make the
microvalve system. The electronic layer, which contains the micro-coil, can
be easily integrated into the system as a layer without any additional
complicated manufacturing technique. The membrane layer incorporates a
permanent magnet, which allows the membrane to move vertically with
electromagnetic force. Actuating the permanent magnet drives the normally
closed microvalve PDMS membrane to open and close. Not only this is a
simple low-cost design, but also the latching and unlatching mechanism
makes for a low-power system where the temperature doesn’t change from

the ambient temperature, which is an advantage compare to the valves with

thermal actuation scheme.
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Chapter 8

Conclusion and recommend future work

8.1 Conclusion

Microfluidics biochips have become an important field of work that can
enable tremendous advances in chemistry and biology. These composite
microsystems, also known as lab-on-a-chip or bio-microelectromechanical
system (MEMS), offer a number of advantages over conventional laboratory
procedures. They automate highly repetitive laboratory tasks by replacing
cumbersome equipment with miniaturized and integrated systems, and they
enable the handling of small amounts, e.g.,micro- and nanoliters, of fluids.
Thus, they are able to provide ultrasensitive detection at significantly lower
costs per assay than traditional methods, and in a significantly smaller
amount of laboratory space.

Although they can be a powerful solution to many problems, the microfluidic
field has not yet found its way in industry. The root cause of this problem
stems from the way the manufacturing of these products is based on.
Conventional manufacturing methods typically involve expensive cleanroom
facilities and they are usually application-based solutions that cannot be
applied to multiple problems, so the manufacturing techniques cannot be

scaled up. In addition, the systems are usually made as a whole and cannot
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be easily integrated together. In addition, the complexities of assays are
increasing and the current solutions are not economically sufficient nor can
be integratable with different functionality.

The general objective of this dissertation is to propose a novel
manufacturing technology platform where different parts of a bio-chip are
manufactured separately in house or by outside vendors using different
technologies and material and then stacked on top of each other. This
technology is called ‘microfloupon’ or micro-fluidic coupon where each layer
acts as a coupon where the coupons can be stacked to form a whole
integrated system. This technology is a holistic approach where it can be
applied to different applications and not limited to one specific application.
To demonstrate this technology as a universal platform to do be adapted in
many areas, two applications were shown that are commonly used in
biological assay experiments: electrophoresis biochip and a microvalve
biochip.

In the electrophoresis microfloupon system, the microfloupons were made
out of different polymers such as PMMA, 1002F photoresist, PDMS, and
polycarbonate as well as paper and biological reagents such as
polyacrylamide gel and SDS buffer. With the help of microfloupon
technology, a 300um polyacrylamide gel could be manufactured and handled

separately by impregnating a paper with polyacrylamide gel. Also, the
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polyacrylamide gel could be removed and imaged after the test and could be
transferred to other systems for further analysis.

With this technology, we were able to concentrate small sample of protein
and move the proteins in two-dimensional space which is a much difficult
task using conventional microfluidic manufacturing techniques.

In the second part of the report, a completely different application of
microfloupon technology was introduced. Since controlling the flow of
reagents in microchannels has become an integral part of uTAS systems, the
choice became obvious to make a microvalve based on microfloupon
technology.

This system consists of three major microfloupons: the electronics,
membrane and fluidics microfloupons. Each of these microfloupons was
manufactured separately using different technologies and materials and then
integrated together as a stack to form the complete system.

Electronics microfloupon was built by an outside vendor while the
components of the board were built in-house and soldered to the board.
Making a 50um thick PDMS membrane where the membrane can be moved
from place to place could not be possible without using the microfloupon
technology where a thin sheet of paper could be impregnated with PDMS and

the paper to act as a carrier for PDMS membrane.
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Both of the explained applications’ microfloupons were built in the lab with
low-cost materials and components where we were able to integrate them to
a whole functional module.

This novel technology is not limited to just the above applications and
several other areas may benefit from this technology. This technology can
be expanded to be used in cell sorting or micro-pumps and DNA analysis

chips.

8.2 Recommmended Future Work

This research is a start of a new manufacturing technology and has shown
successful applications of microfloupon technology. However, there is room
for optimization and future work.

The electrophoresis system can be further expanded to do Western Blotting
analysis. Usually electrophoresis is the first step in analyzing protein samples
and to quantify the result, further analysis such as Western Blotting is
desired. To do so, another microfloupon cassette can be manufactured
where the polyacrylamide micro-gel can be transferred to blot the separated
protein and quantify the results.

To further improve the results, smaller size polycarbonate membrane or
other types of nanoporous membrane can be utilized to capture all the

protein sample to further improve the efficiency of the system.
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Furthermore, with using some auxiliary boards, this system has the potential
to become a low power system where there would be no need for high-
power supply. This can be appealing where there is no access to high power
voltage supplies.

In addition, imaging microfloupon can be built and integrated into the
system for a whole complete uTAS where the test can be done in a lab
environment or at point-of-care.

As far as the microvalve system goes, the performance of microvalve can be
improved by tweaking the variables such as the distances between the
magnet and the latching components or the thickness of the PDMS
membrane to have a better bistable system with better isolation
performance.

In addition, further applications of microfloupon system should be
manufactured to further advance this technology and demonstrate its
potential for applications such as DNA analysis, cell sorting, pumping and
other essential assays.

At the end, this technology can be an economical solution to the current
microfluidic manufacturing techniques and since it is low-cost, disposable

applications can benefit from this technology as well.
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